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Abstract 
TRIBOLOGICAL CHARACTERISTICS OF POLYMERS UNDER 
HIGH FORCE SMALL OSCILLATING ANGULAR CONTACT 
 
J. W. Bradfield 
Faculty of Engineering, The Built Environment and Information Technology 
Nelson Mandela Metropolitan University 
PO BOX 77000, Port Elizabeth, South Africa 
Dissertation: Magister Technologiae: Engineering: Mechanical 
December 2014 
 
This study was intended to establish which polymer material is best suited as the 
material for bushes used in high force small oscillating angular contact applications 
as typically found in a large sugar mill coupling.  A Tribometer as well as a designed 
and manufactured Bearing Testing Machine, which simulates and accelerates the 
wear caused in the intended application, was used to determine the wear rates and 
coefficients of friction for seven polymer materials.  Materials were selected for their 
superior mechanical and thermal properties.  The Tribometer was fitted with a linear 
reciprocating rig, so as to simulate the small oscillating movement prevalent in the 
intended application.  Each Tribometer test ran for a duration of two hours with a 
frequency of 33.1 Herts and a normal loading of 40N.  Bearing Testing Machine 
tests were done under similar constraints but with 30kN loading present on the 
surface of a bushes inner race.  These tests had a longer duration of 24 or 48 hours 
or until intense wearing occurred.     
 
Initially both testing methods will be analysed independently of each other in order 
to try and identify a relationship between the wear rate and coefficient of friction for 
the different polymers.  The different testing methods’ results will be compared to 
each other in order to establish if a correlation between the materials tested could 
be found. 
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It was found that the longer the running in period of the wear process for a particular 
material the more resistant it is to wear.  During testing of the Nylons, sudden 
collapse and catastrophic wear occurred.  It was also found that the formation of a 
transfer film on the more resistant of the wearing surfaces is very important for 
improving wear life under dry (unlubricated) conditions.  Properties such as 
compressive strength, compressive modulus, hardness, PV limits, glass transition 
and melting temperature were also investigated for all polymers tested in order to 
try establish relationships between them and the coefficients of friction and wear 
rates.  No clear correlation could be made.  A performance ranking chart for scoring 
the materials’ performance in coefficient of friction and wear was established for the 
Tribometer and BTM results.  Vesconite Hilube was found to be the best material of 
the seven materials evaluated.  
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Glossary of Terms 
A 
ASME - American Society of Mechanical Engineers  
Asperity - protuberance in the small-scale topographical irregularities of a solid 
surface 
ASTM - American Society for Testing and Materials  
Axial load - load applied along or parallel to and concentric with the primary axis  
Axial force - applied force which shares the same axis as the component.  
 
B 
Bridge resistance - the resistance as measured on the output terminals of the 
Wheatstone bridge  
 
C 
Catastrophic wear - rapidly occurring or accelerating surface damage, 
deterioration, or change of shape caused by wear to such a degree that the service 
life of a part is appreciably shortened or its function is destroyed. 
Calibration - adjusting the deviation of an instrument to correlate with the known 
value  
Cold Flex Temperature - the lowest temperature at which the test strip can be 
twisted through a 200 degree arc without breaking  
Compressive stress - stress of such nature that subjects a component to 
compression  
Cycle - under constant amplitude loading, the time for one full load from the 
minimum to the maximum and then to the minimum  
 
D 
Debris - particles that have become detached in a wear or erosion process. 
Deceleration period - the stage following the acceleration period or the maximum 
rate period (if any) during which the erosion rate has an overall decreasing trend 
although fluctuations may be superimposed on it.  
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Ductility - measure of a material's ability to undergo appreciable plastic deformation 
before fracture  
E 
eDAQ - Micro – processor based portable data acquisition system  
 
F 
Fatigue - progressive structural damage when a material is subjected to cyclical 
loading  
FEA - finite element analysis  
Force - push or a pull on a body. It is a vector quantity, with a particular direction 
and forces must be combined with special vector rules  
Fretting - small amplitude oscillatory motion, usually tangential, between two solid 
surfaces in contact 
Friction - the resistance to movement between any two objects when placed in 
contact with each other. Friction is not constant but depends on the materials, type 
of surface finish, amount of pressure holding the two objects together, and the 
relative amount of movement between the objects  
 
H 
Hardness - the measure of a material's resistance to deformation by surface 
indentation  
Hertz - units in which frequency is expressed. Synonymous with cycles per second  
Homogeneous - material of uniform composition throughout  
Hypothesis - assumption to be tested  
 
L 
Linear - linear indicates that the stress is directly proportional to the strain  
Lubricant - interposed between two surfaces that reduces the friction or wear 
between them 
 
M 
Mean stress - algebraic mean between highest and lowest stress value  
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N 
Newton - unit of force. One Newton is the force which acts on a mass of 1 kilogram 
to produce an acceleration of 1 metre per second per second  
Normal stress - stress acting perpendicular to an imaginary plane cutting through 
an object. Normal stress has two senses: compression and tension. Normal stress 
is often simply called stress  
 
P 
Peak - the point at which the first derivative of the load time history changes from a 
positive to a negative sign  
Plastic deformation - the ability of a material to be permanently deformed without 
fracture  
Plowing - the formation of grooves by plastic deformation of the softer of two 
surfaces in relative motion 
Poisson’s ratio - Ratio between the strain expansion in direction of applied force and 
contraction normal to force  
PV limit - the upper value of a load-bearing material’s PV product above which a 
material fails to function satisfactorily 
 
R 
Range - the algebraic difference between successive peak and valley loads  
Run-in - an initial transition process occurring in newly established wearing 
contacts, often accompanied by transients in coefficient of friction, or wear rate, or 
both, which are uncharacteristic of the given tribological system’s long term 
behaviour 
S 
Strain - deformation of material due to stress  
Sequence - the order in which events take place  
Strain gauge - electrical resistor used for converting force etc. to an electrical signal  
Stress - force exerted per unit area  
Stress amplitude - half the difference between the highest and lowest value in a fatigue 
cycle  
Stress range - stress values specified by upper and lower limits  
Stress ratio - the lower stress limit divided by the upper stress limit  
  
xxi 
 
T 
Tensile stress - stress of such nature that subjects a component to tension  
 
V 
Valley - the point at which the first derivative of the load time history changes from a 
negative to a positive sign  
Variable amplitude cycle - loading in which all the peak loads and all the valley loads 
are not equal  
Variables - factors in an experiment that may change or have different values  
 
W 
Wheatstone bridge - network of four resistances, an emf source, and a galvanometer 
connected such that when the four resistances are matched, the galvanometer will show 
a zero deflection  
 
X 
X – Axis - the horizontal axis on a scale or graph  
 
Y 
Y – Axis - The vertical axis on a scale or graph  
Yield stress - material loaded beyond its yield stress, no longer exhibits linear elastic 
behaviour  
Young’s modulus - the ratio of normal stress to strain within the elastic regime of a 
material  
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Research Proposal 
 Introduction 
Tribology is the study of friction, lubrication and wear.  Tribology comes from the 
Greek words, “tribos” meaning “to rub” and from the suffix, “ology” meaning “the 
study "of”[1].  The first recorded acts of tribology were found in the transporting of the 
statue Ti from the tomb at Saqqara in Egypt.  A liquid was used in front of a sledge 
in order to reduce the frictional forces present [2],as shown in Figure 1-1. 
 
 
Figure 1-1 : Transport of the Statue Ti [1] 
This research will analyse the tribological characteristics of a range of polymers in 
order to determine which one is best suited to use in sugar mill couplings as the 
replacement of the current bearings.  This replacement of the bearing requires the 
polymer to be placed in a high force, low oscillating angular movement scenario. A 
Chapter 1       Research Proposal 
 
    2 
 
Tribometer as well as a purpose built Bearing Testing Machine (BTM) will be utilized 
to see whether this change from a steel bearing to a polymer bush will be 
advantageous.   
 
The Mach 8 coupling is currently using eight steel bearings positioned at each one 
of the link ends, see Figure 1-2. 
 
Figure 1-2 : Position of Bearings in Sugar Mill Coupling 
These bearing elements are expensive to purchase and the tolerances required on 
the coupling when machining is small, driving up production costs.  Therefore a more 
economical solution based on similar bearing designs was needed.  Polymer bushes 
have been used for such applications in the past but have not lasted long enough 
(failed due to wear) to be considered as a feasible alternative to the steel bearing 
elements.  Therefore a study will be performed to establish if certain polymers can 
handle the loading and oscillation required for such an application.  
 
An understanding of wear rate, coefficient of friction, compressive strength and 
loading present on the bushes is needed.  This is so that repeatable testing 
platforms can be designed, in turn simulating the loading and constraints present on 
the sugar mill coupling. 
 
Position of Bearing Link ends 
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Polymers are steadily being used in engineering for more applications as advances 
in technology are being made in the fields of tribology and polymer composites.  
With these advances a conventional steel bearing could in some cases be replaced 
with a polymer bush. 
 Objective 
This research will determine the tribological characteristics of selected polymer 
bushes under a high force, small angular oscillating movement. In so doing simulate 
the dynamic conditions of the current bearing elements as used in sugar mill 
couplings. This study will allow for the ranking of the most suitable polymer bushing 
material to replace the current expensive bearing arrangement. 
 Problem Statement 
To establish which of the selected polymer bush materials best suit high force small 
angular oscillating movement applications. Life expectancy, tribological properties 
as well as feasibility of using a polymer bush as a replacement for a bearing element 
in the sugar mill industry will be determined. 
 Sub-Problems 
Sub Problem 1: 
Develop an understanding of the frictional and wear properties of different polymers, 
under high load and low movement. Lab testing using a Tribometer will be done in 
order to select a variety of polymers for final testing. This final testing will be done 
using a custom made machine which simulates the loading and movement 
experienced by the current coupling. 
 
Sub-Problem 2: 
Design and calibration of an experimental polymer bush testing platform, so that 
repeatable test data can be achieved. An understanding of the process parameters 
needs to be accomplished in order to do this.  
 
Sub-Problem 3: 
Characterise the relationship between the best performing polymer bush and the 
current bearing.  A proper understanding of the wear characteristics of the different 
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polymers used must be developed to allow for creating a performance ranking chart 
which will assist in selecting the best suited bearing material for the application.  
 
 Hypothesis 
This research will exploit polymers’ tribological characteristics and will propose a 
wear performance ranking chart to determine the suitability of selected polymers as 
replacements in high load, small oscillating angular movement applications for 
current bearing elements being used in the sugar mill industry. 
 Delimitations 
 The test will only consider with non-polymer-on-polymer contact with no 
lubrication present between the interface surfaces.  
 Tests will be performed under lab environment with humidity not being 
controlled. 
 The number of different polymer bush materials will be limited to seven. 
These seven will range from commercially available to material provided by 
sponsor. 
 Significance of Research 
The following research will contribute to; 
 Nelson Mandela Metropolitan University (NMMU) 
 Create awareness in the field of polymers and tribology. 
 Improve the knowledge base in this field with regards to large sugar mill 
couplings. 
Industry  
 Contribute to the skill development and broaden the knowledge base of a 
polymer under high loading and small oscillating angular movement for the 
application in a sugar mill coupling.  
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 Research Methodology 
Step 1: 
Literature review on tribology and understand how polymers act when exposed to 
high force and small oscillating angular movement. 
 
Step 2: 
Select and obtain polymer bush material that will be used in testing. 
 
Step 3: 
Design and develop a bush testing platform that will be able to test two specimens 
simultaneously under the same loading and constraints.  Strain gauging will be done 
in order to monitor the axial loading and frictional resistance of the polymer under 
the testing procedure.    
 
Step 4: 
Use a Tribometer to analyse the tribological characteristics of the different polymers 
under high loading. These fields will include: 
 Coefficient of friction properties of the polymer. 
 Variation in wear rate due to high loading. 
 Type and degree of wearing that occurs over a fixed time. 
 
Step 5: 
The results gathered by the bush testing machine will be characterised further by 
conducting experimental work on the same materials under laboratory controlled 
environment by means of a Tribometer.  This tribology test data is imperative to 
support any scientific interpretation of wear characteristics observed during 
component testing. 
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Step 6: 
Analyse which polymer will be best suited for the use in a large sugar mill coupling.  
 Wear characteristics 
 Coefficient of friction 
 
Step 7: 
Compile an academic document that shows evidence in support of mastering the 
ability to characterise wear behaviour of certain polymers’ under high load low 
movement applications.  
Research Methodology:  
 
 
Write Dissertation 
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  Research Project Plan 
Phase 1 
Activity Time Span 
Literature survey January 2014 – December 2014 
Design and build bearing testing machine January 2014 – April 2014 
Testing of bearings April 2014 – June 2014 
Phase 2 
Activity Time Span 
Data analysis via visual inspection April 2014 – June 2014 
Data analysis via Tribometer June 2014 – August 2014 
Determine best all-round performing 
polymer 
April 2014 – August 2014 
Phase 3 
Activity Time Span 
Write report September 2014-December 2014 
 
  Researchers Qualifications 
 
 Baccalaureus Technologiae Mechanical Engineering [B Tech Mech Eng] 
Nelson Mandela Metropolitan University – 2014  
 National Diploma Mechanical Engineering [N Dip Mech Eng]  
Nelson Mandela Metropolitan University – 2012 
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Literature Survey 
 Introduction 
Tribology is a rapidly growing area of engineering with new and better materials 
becoming available.  In this chapter, literature for different polymer materials use for 
the plain bearings, the sugar mill coupling, different types of wear, coefficient of 
friction and the influencing factors which can positively or negatively affect the 
coefficient of friction and wear rate will be discussed.  
 
Literature review with regards to polymers being influenced by static scenarios is 
widely available.  Composite materials are one of the most rapidly growing classes 
of materials in the field of tribological applications[3]. However, when applying a 
polymer to high loading and low rotational movement, very little literature is present.   
 
 Polymer Material used in Tribometer and Bearing Testing 
Machine 
The following materials (2.2.1-2.2.6) were used for both Tribometer and Bearing 
Testing Machine (BTM) testing methods. The advantages as well as disadvantage 
will be discussed as well as any relevant facts relating to the materials.  
 
2.2.1 Vesconite and Vesconite Hilube 
Vesconite and Vesconite Hilube are designed to run without grease, they both have 
a very low coefficient of friction and respectable wear rates.  Both materials are not 
hygroscopic and do not absorb water or humidity and are claimed to be the best 
material for dirty and poorly lubricated conditions [4].  Vesconite is used in many 
different fields where high loading is present such as the marine, railway, mining, 
Chapter 2                                        Literature Survey 
 
    9 
 
irrigation, agriculture and steel industries.  The wear of metal and shafts can be 
reduced by up to 90 percent when using Vesconite as a bush.  Vesconite has a 
design load for oscillating, static or occasional movement of 30 MPa and a 
compressive yield strength of 89 MPa [5].  The PV (pressure velocity) limit for 
Vesconite Hilube is 8 and the limit for Vesconite is 5.   
2.2.2 Sustarin® C POM (Polyoxymethylene) - Acetal 
Acetal also referred to as Polymethyleneoxide (PMO) is a highly crystalline resin 
which has high dimensional stability (creep resistance).  This allows it to be used in 
place of metals in specific applications for gears and other machine parts such as 
bushes.  This material can be rubber-toughened for applications where higher 
impact strength, flexural strength and tensile fracture resistances are acquired.  This 
material can also be chemically recycled to monomers which is popularising it 
around the world [6, 7].  Acetal has a compressive strength of 110MPa and a PV limit 
of 6. 
2.2.3 Ertalyte® PET-P (Polyethylene Terephthalate Polyester) - Ertalyte  
Polyethylene Terephthalate Polyester (PET-P) is a thermoplastic polymer which is 
produced by the additional polymerization of the monomers ethylene glycol and 
purified terephthalate acid [8].  PET-P is known to have dimensional stability, 
excellent wear resistance, low coefficient of friction, high strength, rigidity, good 
abrasion resistance and low absorption to moisture. It’s also suitable for sustaining 
high loads and enduring wear [9, 10].  These characteristics are due to their flexible, 
but short chains, making them relatively stiff [7].  The properties of a polymer are 
strongly influenced by the length of these atomic building blocks.  These monomers 
are joined together through a process called polymerisation.  The longer these 
monomers are the less likely they are to slip over one another causing wear. 
Polyethylene is a highly demanded product around the world and is used in the 
manufacturing of a variety of components, e.g. bottles, containers, mechanical 
components, thin film in solar cells, adhesive tape and many more [7, 8].  Ertalyte has 
the highest compressive modulus of 2.75MPa with a compressive strength of 
105.14MPa and a PV limit of 6. 
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2.2.4 Cast Nylon 6 + Oil (Polyamide) - Nylon with Oil 
This Nylon is lubricated with intermolecular oil, giving it self-lubricating properties.  
Caprolactam is an organic compound which is used in the precursor of Nylon 6 
which gives it its yellow colour and provides lubrication.  By adding this substance 
to oil the coefficient of friction can be reduced by 50 % and the wear resistance can 
be improved by up to 10 times that of unlubricated Nylon [11].  Nylon Oil has a 
compressive strength of 138MPa and a PV limit of 3. 
 
2.2.5 Cast Nylon 6 + Impact Modifiers (Polyamide) - Nylon Hard 
A relatively broad class of polymers, this highly crystalline type 6 material has strong 
intermolecular bonding giving it outstanding physical properties.  This material has 
been used for rollers, sliding bearings, wear pads and other mechanical high loading 
purposes [7, 12].  Nylon Hard has the highest compressive strength of 158.1MPa and 
a PV limit of 3. 
2.2.6 Cast Nylon 6 + MoS2 (Polyamide) - Nylon MoS2 
This Nylon 6 contains finely divided particles of Molybdenum Disulphide (MoS2) 
combined with Carbon Black in order to enhance its wear and bearing behaviours 
[4].  This adding of lubrication to the material does not weaken the impact and fatigue 
resistance of the unmodified Nylon 6 [13].  Nylon MoS2 has a compressive strength 
of 148.3MPa and a PV limit of 3. 
 Sugar Mill Coupling (High Force low Oscillation Coupling) 
Sugar mill couplings are used to transfer high torque generated by a motor and 
gearbox configuration to a mill.  This torque can be in the area of 2000KN.m and the 
coupling must have the ability to transfer this as well as absorb end-float due to 
thermal expansion which can be up to 10 mm.  There are eight polymer bearings 
per coupling, located between the yokes and the linkages.  Without a bearing 
mechanism present between these moving parts, substantial wear would occur at 
these interfaces.  Figure 2-1 shows the design of the multi-misalignment coupling 
and the position of the polymer bushings which will be analysed [14].  
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Figure 2-1 : Components of a Sugar Mill Coupling  
 Bearing Surface Wear 
Wear is defined as the removal or deformation of surface material due to the 
mechanical interaction between the surface(s) in contact [15].  More than one wear 
mechanism can be present during the wear process, the dominance of one wear 
mechanism can override another and the result of this can also introduce another 
[16].  The two main factors that affect the wear of sliding surfaces are the relative 
velocity at the interface and the contact pressure.  Even low velocities with excessive 
contact force will prevent the proper operation of sliding mechanisms involving 
polymer materials.  On the other hand high velocities will cause a temperature rise, 
even under low operational loading.  It has been shown through experimental 
research that if a material’s pressure velocity value (PV value) is not greater than 
the limiting value (LPV or PV limit) the system will have reasonable wear 
characteristics [7] (See 2.6.2).  Lewis [17] noted in his earlier work that the wear factor 
should be nearly constant providing that the PV limit is not exceeded.  Kar and 
Bahadur [18] developed methods of predicting wear as a function of normal loading. 
This method is however restricted as it can only deal with a single wear mode such 
as, eg. Fatigue or Adhesive wear.  A phenomenological approach will be taken and 
the major wear mechanisms will be discussed in 2.4.1- 2.4.6.  
 
Vertical link 
Horizontal link 
Driven yoke 
Position of 
bushes being 
tested on all pins 
Driving yoke 
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2.4.1 Adhesive Wear 
Adhesive wear occurs between the interfaces of sliding surfaces and is synonymous 
with galling, fretting and surface fatigue.  Figure 2-2 show the schematic illustration 
of the adhesive wear process.  The pulling force depends on the strength of the 
interfacial bond, applied load, surface geometry (macroscopic and microscopic) and 
loading time.  A complex interaction during this process is present due to high 
temperature and strain rates being generated [16]. 
 
Figure 2-2 : Adhesive Wear [16] 
The process of adhesion is complex for polymers with a number of factors 
influencing this type of wear.  The basic contributing factors are:  
 The nature and the magnitude of the initial adhesion between surfaces. 
 The locus of the junction failure. 
 The thickness and molecular organization of the transferring layers and 
changes during repeated deformation.  
 The final or equilibrium adhesive bonding of the film to the counterface after 
multiple deformation. 
 The mechanism of the film removal 
 The displacement of transfer from the contact area [19].  
 
2.4.2 Abrasive Wear 
Also termed gouging, cutting, ploughing scuffing or wearing down, abrasion is 
described as the rapid removal of material from a soft surface caused by abrading 
elements which leads to debris formation.  Figure 2-3 shows two-body (particles 
constrained) abrasion and Figure 2-4 shows three-body (particles not constrained) 
Approach  Adhesion Transfer 
Weak material 
Strong material 
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abrasion.  Two-body abrasion occurs when hard particles or grit remove material 
from the opposite softer material.  Three-body abrasion is when the particles are not 
constrained and allowed to slide or roll along the two surfaces in contact [7, 16, 20].  
Abrasive wear would likely only be present after a duration of testing as the debris 
from the polymer materials firstly need to be removed in order for this type of wear 
to occur. 
 
Figure 2-3 : Two-Body Abrasion [16] 
 
Figure 2-4 : Three-Body Abrasion [16] 
2.4.3 Erosive Wear 
Erosive wear is caused due to impacting of either solid, liquid or gaseous particles 
against the surface of a material [21].  Erosion has magnitude and velocity and can 
impact the surface at different angles.  These angles are known as angle of 
impingement.  If the angle is small, the wear mechanism produced resembles 
abrasion.  When the angle is normal to the surface of the material, the material 
deforms plastically or is dislodged by brittle failure [16].  Erosive wear will not be 
present during Tribometer and BTM testing as no solid, liquid or gaseous particles 
will be impacting the surface of the polymers tested  
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2.4.4 Fatigue Wear 
Surface fatigue occurs when the surface of a material is weakened due to high 
stressed cyclic loading, as in roller bearings and gears.  As a result of the formation 
of surface or sub-surface cracks, particles can be removed from the surface of the 
material.  This imperfect surface exhibits shallow craters or pits from which flakes 
have been removed from the material.  This removal of material often leads to the 
increasing wear rate of the material surface [1, 22, 23].  This type of wear may occur 
during Tribometer testing but will more likely be present during BTM testing as the 
loading on the surface of the bushes will be greater. 
2.4.5 Fretting Wear 
Fretting is caused due to the repetitive cylindrical rubbing between two surfaces 
causing material removal from one or both surfaces in contact over time.  This wear 
is caused due to high loading and a repeated relative surface motion or vibration [24].  
Fretting produces debris also known as third body.  This debris does not escape the 
contact zone and plays an important role in the wear of materials [25, 26].  Fretting 
wear will be present on both testing platforms as repetitive oscillation will be induced 
on the surface of the samples.  
2.4.6 Corrosive Wear 
This process requires both chemical and electrochemical action combined with 
relative motion for corrosive wear to occur [1].  This type of wear will not be present 
during testing a chemical and electrochemical actions will not take place. 
 Coefficient of Friction 
Coefficient of friction (μ) is defined as the ratio between the sliding force (Fs) and the 
normal force (Fn) or the shear stress divided by the area of contact to the normal 
pressure.  It is measured between two material surfaces either of the same or 
different composition [7].  Coefficient of friction is not strictly material dependant as 
the surface finish (roughness), velocity, normal force, atmosphere and temperature 
can effect results (See 3.7).  The coefficient of friction is a dimensionless scalar 
quantity and is empirically measured.  If the value for the coefficient of friction is 
above 1 the sliding force is greater than the applied normal force.   
The three laws which govern dry friction are [1, 27]: 
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 Amontons’ First Law: The force of friction is directly proportional to the 
applied load. 
 Amontons’ Second Law: The force of friction is independent of the apparent 
area of contact. 
 Coulomb’s Law of Friction: The magnitude of the kinetic friction is 
independent of the magnitude of the sliding velocity. 
 
A typical friction process behaviour pattern is shown in Figure 2-5.  This is not an 
overloaded scenario with low loading being present between the surfaces in contact.  
After the starting period the coefficient of friction increases during the run in period. 
During this initial period the softer polymer surface layers are being reformed and 
restructured due to the loading.  This reforming strongly affects the steady state 
frictional behaviour and the working life of the component [28].   
 
Figure 2-5 : Frictional Stages during Polymer Testing [29]  
According to the theory of friction, dry friction is equal to the sum of the adhesion 
and deformation components.  This however is only present under normal to high 
loading conditions [30]. 
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 Influencing Factors on Coefficient of friction and Wear Rate  
2.6.1 Compressive Strength 
Compressive stress-strain is the ability of a material to withstand crushing loads and 
deformation.  Polymer materials will fracture or be deformed permanently when 
reaching their compressive strength limit [23].  Table 1 shows the compressive yield 
strength and compressive modulus for the identified polymers.   
 
  Compressive Strength (MPa) and Compressive Modulus (GPa) 
Polymers 
Vesconite 
Hilube 
Vesconite Acetal Ertalyte 
Nylon 
Oil 
Nylon 
Hard 
Nylon 
MoS2 
Compressive Strength 92 92 110 105.14 138 158.1 148.3 
Compressive Modulus 2.29 2.29 2.6 2.75 2.24 2.24 2.24 
Table 1 : Compressive Properties of Materials Tested  
2.6.2 PV Limit   
Plane bearing materials have limiting factors of operation, as they must be able to 
withstand pressure (P) as well as velocity (V).  This is known as the pressure x 
velocity or the limiting factor of the material.  Products of these limiting values, must 
fall within the safe operating condition, if these conditions do not, the material will 
wear more rapidly, see Figure 2-6 [31].  There are many factors that can influence 
the heat build-up of a plane bearing, which limits its PV value these factors include: 
 Loading of the plain bearing 
 Coefficient of friction between the bearing and the shaft 
 Velocity of oscillating shaft 
 Ability for the plain bearing to dissipate the generated heat 
 Lubrication present between the plain bearing and shaft 
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Figure 2-6 : PV limit [31] 
Table 2 shows the PV limits of the tested bushing materials.  This data was acquired 
from external sources.  
 
  Max PV Limits (MPa × m/min)  
Polymers 
Vesconite 
Hilube 
Vesconite Acetal Ertalyte 
Nylon 
Oil 
Nylon 
Hard 
Nylon 
MoS2 
PV Limit  8 5 6 6 3 3 3 
Table 2 : PV Limits for Tested Materials 
2.6.3 Plasticisation 
When plasticisers are added to a polymer they usually embed themselves between 
the chains of monomers, spacing them apart and this will usually reduce their 
stiffness, hardness and brittleness [32].  It may also affect the mechanical properties 
due to the inter-chain forces being reduced.  The more plasticisers added to a 
polymer the lower the cold flex temperature and glass transition temperatures will 
be, making the material more flexible and durable, e.g. rubber and PVC [33].  There 
are two main types of plasticisers, namely internal and external.  Generally internal 
plasticisers have good low temperature properties but as soon as the glass 
transition temperature is reached rapid failure may occur.  
2.6.4 Glass Transition Temperature and Melting Temperature     
The glass transition temperature (Tg) is the temperature at which the reversible 
transition in amorphous polymers from a hard and somewhat brittle state to a molten 
or rubber like state takes place [7].  When the glass transition temperature is reached 
in an amorphous material or amorphous regions within a semi-crystalline material 
there is a change in the polymer’s monomer chain structure, this will in turn change 
the mechanical properties of the affected polymer.  This will change an amorphous 
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material from a hard relatively brittle state to a molten or rubber like state.  The 
melting points as well as glass transition temperatures for the polymers considered 
are shown in Table 3.  
 
The glass transition temperature is dependent on the molecular weight distribution, 
cooling rate as well as additives such as molybdenum disulphide or oil being present 
in the polymer [7, 34].  The 3 Nylons melting temperatures were measured using 
thermal gravimetric analysis (TGA) to see if whether all materials were from the 
same Nylon family.  The melting temperatures for all 3 polyamides are very close to 
the 220°C rage indicating that they are all Nylon 6 materials as a typical Nylon 6 
material melts at close to this temperature, see Appendix G.  
 
 Glass transition temperature and Melting Temperature (°C) 
Polymers 
Vesconite 
Hilube 
Vesconite Acetal Ertalyte 
Nylon 
Oil 
Nylon 
Hard 
Nylon 
MoS2 
Glass transition 
temperature 
93 93 -60 70 47 47 47 
Melting 
Temperature 
260 260 170 254 222.81 225.23 220.63 
Table 3 : Glass Transition Temperature and Melting Points of Polymers 
The glass transition temperature for Acetal is very low (-60) and therefor the material 
is highly crystalline with almost no amorphous content.  The effects on temperature 
and resistance to deformation can be seen in Figure 2-7. 
 
 
Figure 2-7 : Non crystallizing thermoplastics; temperature effect - (G) Glassy region; (T) Glass 
transition; (R) Rubbery region; (F) Fluid Flow region; (L) Low molecular weight; (H) High molecular 
weight [35] 
H 
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2.6.5 Hardness of Polymers  
Hardness tests normally involve a measureable value for which a material can resist 
penetration or indentation caused by an indenter (impresser).  These indenters have 
a variety of shapes (sphere, pyramid, cone, etc.). For polymeric materials the 
interpretation of the mechanical characteristics is difficult, this is due to a 
combination of elastic and plastic nonhomogeneous deformations and the time 
dependence of the mechanical properties in the polymer due to the cooling 
processes used by different manufactures.  Hardness tests are often an indication 
of the material’s scratch, wear and abrasion resistance and machinability, however 
these assumptions should be considered with caution [7].  The effects of wear are 
complex and a harder surface does not necessary correlate to a higher wear 
resistance [16].  Lalácska[28]  noted that at the early stages of the friction and wear 
process the hardness of a material plays a role. This is due to a lower deformation 
in actual contact area which results in lower mechanical and adhesive forces. 
 
 Service Life Testing Evaluation 
The best way to determine the service life of a polymer bush is to test it in its 
intended application.  For example, testing a bush for an electric motor is a relatively 
easy test to carry out, however the bushes in the sugar mill coupling will be difficult 
to simulate due to various challenges.  Uncontrollable factors including 
environmental, loading and misalignment problems and inconsistencies increase 
the likelihood of errors.  Another problem with service life tests is feedback, some 
polymers may take a week to wear out but some may take years.  Few engineers 
or designers are in a position to check for failure on a weekly basis [31].  To control 
this, the process is tested on a smaller scale with an idealised setup including 
smaller bushes, more consistent and reliable mounting of the bush, a controlled 
environment, and so forth.  This is all done to improve the repeatability of the tests 
and results.  In addition information such as wear factors, wear rates, coefficient of 
friction and other useful, though not necessarily critical, variables can be gathered. 
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High Force Low Oscillation Platforms and 
Experimental Procedures 
 Introduction 
In order to test the hypothesis, the following sub-investigations were executed: 
 Quantify the results gathered in wear rate and coefficient of friction by the 
Tribometer. 
 Development of a BTM platform and quantify the results gathered in wear 
rate and coefficient of friction. 
 Compare and quantify the materials tribological results used during 
Tribometer testing.   
 Compare and quantify the materials tribological results used during Bearing 
Testing Machine (BTM) testing. 
 Quantify a relationship between Tribometer and BTM testing. 
 Comment on the main contributors to a high friction and wear rate and 
propose a ranking chart for both testing platforms. 
 
This chapter will outline the machine setup as well as experimental calibration 
procedures used for testing the polymer bushes.  This will be implemented so that 
accurate and meaningful test data can be gathered in order to relate to the 
hypothesis.  Testing procedures will be done using two different machines, one 
being a Nanovea Tribometer and the other being a BTM.  The following 
investigations will be comprehensively discussed during this chapter:  
 
 Materials used for testing. 
 Overview of Nanovea micro Tribometer. 
 Height calibration for the Tribometer. 
Chapter 3          Experimental Procedure 
 
    21 
 
 Load calibration for the Tribometer. 
 Material surface preparation for Tribometer testing. 
 Surface roughness data acquisition for tested materials. 
 Coefficient of friction data acquisition for Tribometer. 
 Optical Profiler Module data acquisition. 
 Overview of Bearing Testing Machine. 
 Polymer bushes tested in Bearing Testing Machine. 
 Loading of the Axial Arms. 
 Strain gauge application to Axial Arms. 
 Gauge calibration of strain gauges on Axial Arms. 
 Gathering test data from Bearing Testing Machine Tests. 
 Shore D hardness testing. 
 Materials used in Tribometer and Bearing Testing Machine  
The different materials that will be used for testing have been chosen for their wear 
properties, coefficient of friction and cost.  Other properties were also taken into 
account, namely compressive strength, machinability and availability.  Table 4 
shows the different materials used in no particular order as well as their trade names 
and the supplier of the product. 
 
See Appendix F for material specifications.   
 
Table 4 : Polymer Material used for testing 
Material Trade Name Supplier of Product 
Vesconite Hi Lubrication Vesconite HiLube Vesco Plastics [5] 
Vesconite Vesconite Vesco Plastics [5] 
Sustarin C (POM) Acetal Nylacast [36] 
Polyethylene terephthalate (PET) Ertalyte Röchling [37] 
Cast Nylon 6 + Oil (Polyamide) Nylon Oil Dura Polymers 
Cast Nylon 6 + Impact modifier (Polyamide) Nylon Hard Dura Polymers 
Cast Nylon 6 + MoS2 (Polyamide) Nylon MoS2 Dura Polymers 
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 Overview of Nanovea Micro Tribometer 
A Tribometer is a highly accurate and repeatable wear and friction testing device 
which complies with ASTM G133 standards.  This device can be used for a variety 
of different frictional and wear tests on different materials [38].  Figure 3-1 shows the 
layout of the Tribometer.  
 
 
Figure 3-1 : Nanovea Tribometer 
In order to simulate the bearing testing machine and sugar mill coupling the linear 
bed was used, this motion will best simulate the small oscillating motion experienced 
by the bush during operation in the sugar mill.  The linear motion was set to 10 
millimeters with an oscillation of 33 Hertz and a six millimeter Stainless Steel 316 
ball was used, see Figure 3-2 for detail.  Stainless steel was chosen to simulate the 
steel tube used in the sugar mill coupling and bearing testing machine as the 
polymer bush rubs over the surface of the stainless steel tube. 
 
The Tribometer will be used in order to test whether a correlation in results can be 
found between it and the BTM for high load small oscillation application.   
 
LVDT Precision Load Cell 
Linear Table Automatic X table  
Polymer Sample 
40N Weights 
Ball Holder 
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Figure 3-2 : Ball and wear track 
This Tribometer has a maximum load rating of 40 Newton [N], which was used for 
all samples tested.  This maximum loading is applied vertically downwards in order 
to replicate the stress experienced by the polymer bush.  Each material was tested 
seven times for coefficient of friction, wear track area and wear rate.  The duration 
of each test was two hours.  This length of time was chosen so that the steady state 
period could be reached and so that comparable results could be collected between 
polymer tests. 
 
There are three different possible conditions of wear when considering a ball on flat 
specimen.  Figure 3-3 shows the possible wear conditions.  In (a) the flat specimen 
is much more wear-resistant than the ball.  In (b) the ball material is much more 
wear-resistant than the flat specimen.  In (c) measurable wear occurs on both ball 
and flat surface.  For most Tribometer testing of polymers condition (b) will apply as 
polymers are generally much softer than steels as stated in ASTM G133-95. 
 
   
Figure 3-3 : Possible situations for differing wear resistances (ASTM G133-95) 
Ball Holder 
(a) Only the ball 
specimen wears 
  
Stainless Steel 316 
6mm ball 
10mm Wear Track 
  
  
 
 
(b) Only the flat 
specimen wears 
(c) Both ball and flat 
specimen wears 
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 Height Calibration for Tribometer 
In order for accurate and consistent results the Tribometer needed to be calibrated 
before each test.  Calibration was done for the linear variable differential transformer 
(LVDT) in order to determine the distance the ball penetrates the surface of the 
polymer.  A 1mm feeler gauge was used in order to calibrate the height, as shown 
in Figure 3-4.   
 
Figure 3-4 : LVDT Calibration 
  Load Calibration for Tribometer 
In order to calibrate the load cell a pulley needed to be mounted on the Tribometer, 
a string is then connected to the ball holder with a 10 N weight placed at the end of 
it, as seen in Figure 3-5.  This calibration ensures that the tangential force the 
Tribometer registers is accurate.  By knowing the tangential as well as the normal 
force exerted by the 40 N weight a coefficient of friction can be calculated, see 
Figure 3-5. 
 
 
Figure 3-5 : Tangential Force Calibration 
1mm Feeler Gauge 
Pulley 
10 N weight 
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 Material Surface Preparation for Tribometer 
Consistent as well as comparable results needed to be gathered from the 
Tribometer in accordance with ASTM G133 – 95 (Reapproved 2002).  The standard 
states that the surface roughness needed to be of a polished condition, or in a 
specified condition consistent with the application of interest.  As this study is 
comparative, the surface of the materials were prepared under the same conditions.  
All samples were prepared using an ATA Saphir Clemex 550 grinder/polisher.  This 
allowed all the samples to go through the same surface preparation procedure.  
Table 5 shows the different steps that where undertaking in the preparation the 
samples.  
 
The different polymer specimens were 10mm thick with a diameter of 50mm, seven 
tests for each sample were carried out.  These tests were done at different random 
position on the specimen so that an average coefficient of friction and wear rate 
could be obtained.  
 
Surface Abrasive Size Load (N) 
Base Speed 
(rev/min) 
Time (s) 
Abrasive Disc 
(Waterproof paper) 
P400 grit water cooled 18 200-250 
Until 
Plane 
Abrasive Disc P600 grit water cooled 18 200-250 30 
Abrasive Disc P1200 grit water cooled 18 200-250 30 
Abrasive Disc P1500 grit water cooled 18 200-250 30 
Cloth 
3-μm Diamond Paste and 
metaDi fluid 
22 100-120 240 
Cloth 
0.05--μm MasterPrep 
alumina suspension 
13 100-121 240 
Table 5 : Surface Preparation of Polymers [39] 
After surface preparation was completed for all samples, they were cleaned with 
water and dried, no process was done in order to remove the moisture before 
testing.  
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3.6.1 Surface Roughness Data Acquisition 
Surface roughness was measured with a Mitutoyo SJ-201surface roughness tester.  
The tester was first calibrated so that accurate and repeatable results could be 
gathered.  The roughness average (Ra) values were gathered and tabulated as see 
in Table 6. 
  Surface Roughness (Mitutoyo SJ-201) (Ra) (um) 
Polymers 
Vesconite 
Hilube 
Vesconite Acetal Ertalyte 
Nylon 
Oil 
Nylon 
Hard 
Nylon 
MoS2 
Test 1 0.11 0.13 0.03 0.03 0.09 0.06 0.06 
Test 2 0.1 0.1 0.02 0.03 0.1 0.03 0.05 
Test 3 0.08 0.11 0.03 0.02 0.08 0.08 0.08 
Test 4 0.09 0.12 0.05 0.02 0.08 0.08 0.08 
Test 5 0.1 0.11 0.03 0.02 0.09 0.02 0.07 
Test 6 0.1 0.09 0.05 0.02 0.09 0.06 0.09 
Test 7 0.09 0.1 0.04 0.04 0.08 0.05 0.07 
Average 0.096 0.109 0.036 0.026 0.087 0.054 0.071 
Standard Deviation 0.01 0.013 0.011 0.008 0.008 0.023 0.013 
95% Uncertainty 0.031 0.028 0.032 0.019 0.013 0.03 0.012 
Table 6 : Surface Roughness 
 Coefficient of Friction Data Acquisition for Tribometer  
Figure 3-6 shows a typical frictional graph with both maximum and minimum sides 
of the scale.  Both sides of the scale may be shown but this is not necessary as they 
are mirror images of one another.  Results were exported to Excel as the Nanovea 
display software is difficult to interpret for the intended application.  
 
 
Figure 3-6 : Coefficient of Friction produced by Tribometer 
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 Optical Profiler Module Data Acquisition 
The Optical Profiler Module is used to measure wear track volume accurately.  It is 
also a non-contact fast procedure which can quantify wear rate without the removal 
of the specimen from the Tribometer [38].  In order for the optical profiler to repeatedly 
give accurate depth measurements the intensity and range needed to be constant 
for all tests.  The range needed to be set as low as possible when focusing on the 
centre of the wear track so that the profiler could reach all variations of elevation 
when scanning the wear track.  At the same time the intensity needed to be high so 
that depth readings are accurate.  Figure 3-7 shows the wear track of a polymer.  
Only one depth measurement was made for each test at the centre of the 10mm 
track.  Wear is the damage of a solid surface, usually involving progressive loss of 
material.  This is due to the relative motion between that surface and contacting 
substance or substances [40].  Therefore the area of the wear track is the size of the 
removed material relative to the surface of the polymer.  With the area of the wear 
track known as well as length of oscillation, distance travelled during test and axial 
loading the rate of wearing of the sample can be calculated. 
 
 
Figure 3-7 : Wear Track produced by Tribometer 
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  Overview of Bush Testing Machine 
The BTM was manufactured to replicate the loading and constraints that the sugar 
mill coupling’s bushes experience when in operation.  The machine was designed 
to be able to apply high loading on the polymer bush while allowing oscillation to 
take place. Figure 3-8 and Figure 3-9 show the bush testing machine and the 
position of relevant components.  
 
Figure 3-8: Bearing Testing Machine (CAD Design) 
 
Figure 3-9 : Bearing Testing Machine 
Lever Arm 2 
Crank Arm  
Axial Arms  
Dial Test Indicators  
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The loading on the bush was applied trough two individual lever arms, each working 
independently of one another.  A perpendicular load of 30 KN was applied to each 
Axial Arm by the fastening of two nuts which compressed springs at the rear of the 
BMT, this lever effect resulted in a 7 times greater force at the position of the Axial 
Arms.  
 
A four degree oscillation was placed on the bushes from a cam positioned at the 
end of a crank arm.  This four degrees of oscillation is significantly more than the 
one degree oscillation experienced by the sugar mill coupling bushes.  This increase 
in the oscillation angle will accelerate the wear process of the bushes being tested.  
The rotational speed of the sugar mill coupling is ± 6 rev/min and the BMT will be 
running at ±33 rev/min thus also increasing the rate of wear.  The motor speed of 
1460 rev/min went through a 48.1:1 reduction gear box giving the final cam speed, 
see Figure 3-10 and Figure 3-11.  
 
The polymer bush will oscillate against a steel smooth surface.  Zsidai [41] found that 
that roughness of the counter surface plays a role in the wear rate and coefficient of 
friction of certain polymer materials.  With he’s testing a loading of 100N was placed 
on a polymer, the rough counter surface performed better than that of a smooth 
counter surface in most cases over the duration of the test.  This was not the case 
for the higher 200 Newton loading, as the smoother surface retained a more 
consistent coefficient of friction throughout the test as well as achieving a lower wear 
rate.  Therefore the BTM counter surface will be smooth for all testing.     
 
 
Figure 3-10 : Crank Arm 
Self-Aligning Roller Bearing 
Pillar Block Bearings 
Crank Arm 
Drive from Gearbox 
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Figure 3-11: Oscillating Motion Due to Rotation from the Motor 
Table 7 shows how the duration of the BTM will be compared to one season of 
running the sugar mill coupling.  A typical season for a sugar mill is 200 days, when 
taking into account the speed and oscillation of the BTM a 9 day test will simulate a 
season. 
 
  Sugar Mill Coupling Bearing Testing Machine 
rev/min 6 33 
Oscillation angle (Degrees) 1 4 
Minutes 60 60 
Hours 24 24 
Days (1 Season) 200 9 
Duration (Revolutions) 1728000 1728000 
Table 7 : Duration comparison between sugar mill coupling and BTM 
 
  Test Bush and Sugar Mill Bush Size Comparison 
In order to achieve ±40 MPa stress on the polymer bush which is the maximum this 
particular sugar mill coupling will experience, a load of ±30 KN was required for the 
BTM bush.  As the sugar mill’s bushes are dimensionally bigger than the tested 
bushes, different loading is required to generate the same stress in each bush.  The 
stress is calculated using the projected area of the contact surface and the bush 
was designed so that this area under the given load is stressed to the same degree 
as the sugar mill bushes, as shown in Table 8.   
 
4 degrees Oscillation  
Rotation from Motor  
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  Sugar Mill Bearing BTM Bearing 
OD (mm) 190 58.2 
ID (mm) 170 48 
Thickness (mm)  10 5.1 
Width (mm) 80 15.625 
Area (m²) 13.6E-3 768E-6 
Stress (MPa) 40 40 
Axial Force (KN) 544 30.72 
Table 8 : Loading applied to Polymer Bush 
Figure 3-12 shows the polymer bush used in the BTM as well as dimensions and 
relevant stress data. 
 
 
Figure 3-12 : Polymer Bush 
The outer surface was pressed into the bush holder using a press fit as no 
movement of the outer race was desired.  The inner surface was machined using a 
lathe which is the same procedure they would use on the sugar mills bush and no 
cleaning was done after machining. 
  Loading of the Axial Arms 
The Axial Arms will be the means of monitoring the loading applied to the bush. A 
50kN calibration load was applied to each arm.  This load is greater than the 30kN 
load applied during the tests.  This was done so that calibration could be done 
throughout the entire range of foreseeable applied loads.  A torsional load will also 
𝛿 =
𝐹
𝐴
 
=
30 × 103
0.048 × 0.015625
 
𝛿 = 40 [𝑀𝑃𝑎] 
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be induced on the arm as a result of the frictional force from the bush as it rubs over 
the surface of the shaft, see Figure 3-13.  
 
Figure 3-13 : Loading of Axial Arm for Bearing Testing Machine 
In order to determine the position of strain gauges on the Axial Arm so that 
meaningful data could be acquired a Finite Element Analysis (FEA) was done.  This 
will also show the areas of high stress concentration, which must be considered as 
critical points when designing this load cell.  Figure 3-14 shows the FEA done where 
Maximum Principle Stress are looked at in determining the position of the uniaxial 
strain gauges.  
 
Figure 3-14 : Axial Arm FEA  
Torsional Loading 
Axial Loading 
Position of Strain 
Gauges 
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 According to Saint-Venant’s Principle the stress a compontent will experience due 
to a point load will only be uniform a distance equal to the largest dimension along 
the length of the component from the  point of application of the load [42].  Due to the 
dimension and shape of the Axial Arm, localised deformation may take place, 
making calculated results irrelevant.  This non-uniform stress through the material 
makes the placement of strain gauges difficult as the calculated stress at the position 
of the strain gauge is unknown.  Figure 3-15 shows the stress in the  area the strain 
gauges were placed and the stress values given by FEA changes over the length of 
the area of intrest.     
 
Figure 3-15 : Saint-Venant's Principle 
 Strain Gauge Application to Axial Arm 
After determining the position for the placement of the uniaxial strain gauges, two 
were placed on the front face and two on either side of the axial arm, as shown in 
Figure 3-16.  Accurate alignment and distances of gauge placement was important 
as an error in this would result in inaccurate reading.  These gauges would be used 
to measure the strain induced by the loading on the bush.   
Position of Strain 
Gauges 
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Figure 3-16 : Position of Strain Gauges on Axial Arm 
Table 9 shows the specification of the uniaxial strain gauges.  They were applied to 
the axial arms according to ASTM: E1237-93 (Reapproved 1998) in a quarter bridge 
configuration, see Figure 3-17 
TML Uniaxial Strain Gauge 
Type FCA-3-350-11 
Resistance 350±1.0 Ω 
Gauge factor 2.10 ±1% 
Transverse sensitivity  0.00% 
Gauge length  3 mm 
Lot no. A515421 
Batch no. KF23K 
Table 9 : Strain Gauge Specifications 
 
Figure 3-17 : Quarter Bridge Gauge Setup 
When logging data using the eDAQ Lite, different colour wire was used as specified 
by ASTM: E1237 (Reapproved 1998), see Figure 3-18. 
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To internal completion 
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Figure 3-18 : Colour Coding eDAQ Lite to ASTM: 1237 
  Load Calibration of Strain Gauges on Axial Arms 
In order for accurate strain values to be measured, which could be converted to 
stress, the load cells were calibrated.  The axial arm was loaded to a range of known 
force values using the Instron (8801) Tensile Tester.  A load cell of 100KN was used 
during calibration.  Figure 3-19 shows how the axial arm was loaded.  
 
Figure 3-19 : Gauge Calibration of Axial Arms 
The Axial Arm was supported by pins at both ends, this allowed the Axial Arm to 
self-align as the force was applied to it.  The values of strain were converted to 
eDAQ Lite ASTM: E1237 
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stress and compared to calculated results but due to Saint-Vernant’s Principle (3.11) 
the values were not the same.  
 
The axial arm was loaded from 0 kN to 5 kN in 1 kN increments thereafter 5 kN 
increments where made until 50 kN was reached.  This process was also carried 
out in reverse.  This was done for both Axial Arms, see Figure 3-20 and Figure 3-21. 
 
The line of operation in Figure 3-20 and Figure 3-21 is the average amount of strain 
that must be present on the Axial Arm during testing on the BTM.  This value 
coincides with a stress of 40 MPa on the polymer bush, the force at this position is 
30 kN.  Only the strain gauges placed on the left and the right hand side of the Axial 
Arm will be considerend during testing on the BTM as this eDAQ Lite only has four 
channels for reading data.  
 
Figure 3-20 : Strain Gauge Calibration Axial Arm 1  
30 KN Force Line 
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Figure 3-21 : Strain Gauge Calibration Axial Arm 2 
For testing the strain gauges were not removed after calibration so that the strain 
values read off during testing could be corrilated back to the calibration data.  The 
measured strain data could thus be related to axial loading in the Axial Arms while 
negating the effects of non uniform local stresses and stress concentrations.  Figure 
3-22 and Figure 3-23 shows the difference between calculated and measured 
results for both arms. 
 
Figure 3-22 : Measured vs calculated results for Arm 1 
30 KN Force Line 
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Figure 3-23 : Measured vs calculated results for Arm 2 
The measured results shows a linear relationship between load and strain.  This is 
expected and confirms that the steel Axial Arms are within their elastic limit.  The 
measured results will be used as these are the actual strain values present in axial 
arm due to its geometry and at known loadings. 
 
   Gathering Test Data from BTM Test  
The test data gathered by the BTM for the various polymers will be compared, but 
due to the different wear rates and material properties the loading applied during 
tests may change with time.  The two springs at the rear of the machine were set 
independently of each other.  The springs will cause the strain gauges placed on 
the Axial Arms to lengthen when under compression.  This lengthening of the strain 
gauges is read by the eDAQ as an increase in resistance.  It would then convert 
these resistance readings to strain readings, which is recorded for extracting force 
data.  Reading this data when starting a test allows the user to set the load applied 
to the bush accurately and repeatably by compressing the spring to a reasonable 
degree, reading the force data and fine tuning the springs’ compression for the final 
loading.  This loading on the bush would change slightly as it wears, deforms and 
ruptures and these factors will reduce the compression caused by the spring, in turn 
reducing the loading on the bush.  Figure 3-24 shows a typical strain vs time and 
force vs time graphs for the BTM. 
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Figure 3-24 : Strain vs time and Force vs time graphs for BTM 
The wearing of each bush was measured using a dial test indicator positioned at the 
top flat surface of the Axial Arm, see Figure 3-25.       
 
Figure 3-25 : Dial Test Indicators showing Displacement due to wear 
The duration of the test was dependent upon how well the material performed.  If 
the test was of a short duration it implied that the material performed poorly in its 
ability to withstand the wear.  Initially each polymer ran for a duration of 24 hours in 
order to establish the top performers.  These top performing polymers would have 
very little wearing present on their inner surfaces therefore a longer 48 hour test was 
done. 
Arm 1 Arm 2 
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  Shore D Hardness Testing (ASTM D2240) 
Hardness tests were done using a Durometer.  The Shore D scale was used as it 
applies to hard plastics.  These tests were done to see if a relationship can be found 
between the hardness, coefficient of friction and wear rate of a polymer in both 
Tribometer and BTM results.  Table 10 summarises the values obtained from testing 
the hardness of the selected polymer bush materials. 
 
The Shore hardness test specimens were 10mm thick with a diameter of 50mm, 
seven tests for each sample were carried out.  These tests were done at different 
random position on the specimen so that an average surface hardness could be 
obtained.  
  Shore D (ISO868) 
Polymers 
Vesconite 
HiLube Vesconite  Acetal  Ertalyte 
Nylon 
Oil 
Nylon 
Hard  
Nylon 
MoS2  
Test 1 81 83 82 84 79 81 82 
Test 2 82 82 81 83 80 82 82 
Test 3 82 82 82 84 79 83 82 
Test 4 81 82 82 84 79 82 82 
Test 5 82 83 81 84 79 83 82 
Test 6 81 82 82 83 80 83 80 
Test 7 82 81 82 84 79 82 80 
Average 81.6 82.1 81.7 83.7 79.3 82.3 81.4 
Standard Deviation 0.53 0.69 0.49 0.49 0.49 0.76 0.98 
95% Uncertainty 0.49 0.64 0.45 0.45 0.45 0.70 0.90 
Table 10 : Shore D Hardness Tests 
 
Figure 3-26 shows the Shore D hardness of the different selected polymers with 
Nylon Oil being the softest and Ertalyte being the hardest of the seven samples 
tested.  
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Figure 3-26 : Shore D Hardness  
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Discussion of Experimental Results 
 Introduction 
This chapter will discuss the results gathered from the Tribometer as well as the 
Bearing Testing Machine (BTM) as described in Chapter 3.  The tribological results 
gathered from both platforms included wear and coefficient of friction.  All tests 
conducted were performed without lubrication.  In other words only dry tests were 
done on both devices.  As the speeds as well as loading for both BTM and 
Tribometer are different the results cannot be directly compared.  Performance 
ranking charts for both were drawn up and a comparison will be made between both 
testing methods at the end of the chapter.  All the results from the material tests in 
coefficient of friction as well as wear rate can be seen in Appendix A. 
 
 Tribometer Procedure 
Important to note that all test are not in full compliance with the provisions of ASTM 
G133 Procedure A, because the normal force during the test was 40.0N, instead of 
the 25.0N as prescribed by the standard.  The 40N was used to simulate the high 
loading experienced by the coupling.  A frequency of 1.83 Hertz (Hz) was used 
during the test, instead of 5.0Hz.  A test duration of 2 hours (sliding distance of 
79.2m) was used during the test instead of 16 min 40s (sliding distance of 100m).  
All other provisions of ASTM G133 have been followed.  In order for accurate results, 
7 tests for each polymer material was completed using the specified loading, 
frequency and duration. 
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The stainless steel 6 mm ball had no measurable wear during testing as no flattening 
of its surface occurred.  The same ball was used for all tests and was cleaned with 
Acetone at the beginning of each run. 
 
The wear of the polymer material is computed by the length of the stroke and the 
average cross-sectional area of the wear track.  In the case of these polymer 
materials the wear scar is assumed to be uniform throughout its length.  Only one 
measurement of the cross-sectional area was taken at the middle of the wear track.  
This removed material is the cross section viewed normal to the original surface and 
in the direction perpendicular to sliding, see Figure 3-7.  Having determined the area 
of the wear track it is now possible to calculate the wear volume VF in mm3 by the 
following calculation. 
 
𝑉𝑓 = 𝐴 × 𝐿      [𝑚𝑚3] 
Where: 
A = cross-sectional area of the track (mm2) 
L = length of the stroke (wear track) (mm) 
 
With the wear volume of the removed material, the wear rate can be calculated 
using: 
𝑘 =
𝑉𝑓
𝐿𝑡 × 𝑃
     [𝑚𝑚
3
𝑁𝑚⁄ ] 
Where: 
Lt = Total distance travelled (m) 
P = Normal Force (N) 
 
No noise or chattering was experienced during the testing procedure for all seven 
different polymers.  The kinetic coefficient of friction μK was calculated for all tests 
and then compared.  A low coefficient is not necessarily associated with a lower 
wear rate when dealing with polymers.  The kinetic coefficient can be calculated 
from: 
𝜇𝐾 =
𝐹
𝑃⁄  
Where: 
F = average measured friction during sliding (N) 
P = applied normal force (N) 
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4.2.1 Vesconite Hilube  
During Tribometer tests Vesconite Hilube performed the best overall in wear rate 
and it was equivalent to regular Vesconite in coefficient of friction.  Vesconite Hilube 
will be the benchmark material for Tribometer testing.  The reproducibility between 
each of the seven runs was respectable, with a low standard deviation being present 
between tests.  Figure 4-1 illustrates how the coefficient of friction increases over 
time during the Running-in period.  This is due to the sliding wear process between 
the stainless steel ball and the sample being tested.  The coefficient of friction is 
directly proportional to the tangential force, therefore in most Tribometer tests the 
coefficient of friction will become greater over time as different wear mechanisms 
and material properties come into play.  
 
 
Figure 4-1 : Coefficient of Friction for Vesconite Hilube during Running in Period 
As no transition zone could be seen during a 2 hour test an extended 10 hour test 
was done.  Figure 4-2 shows the running-in, transition zone and steady state periods 
experiences by the materials during extended test.   
 
 
Figure 4-2 : 10 hr Coefficient of Friction Test Vesconite Hilube 
Running-In Steady State 
Transition 
Zone 
Penetration of 
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Table 11 shows the average coefficient of friction for each run as well as the 
deviation from the overall average, standard deviation and the 95% uncertainty 
limits.  The difference in coefficients of friction between samples can be attributed 
to hardness variation and mechanical properties of the material as it was not uniform 
throughout the tested material.  
 
Test Number Friction coefficient ,μ Deviation from Average ,μ 
1 0.061  0.0024 
2 0.068 -0.0048 
3 0.064  0.0000 
4 0.065 -0.0009 
5 0.064 -0.0006 
6 0.058  0.0057 
7 0.065 -0.0018 
 Average = 0.064 Standard Deviation = 0.0081 
  95 % Uncertainty = ± 0.0075 
Table 11 : Friction Coefficient Results for Vesconite Hilube 
Two wear mechanisms or more could be present in this system, namely fatigue wear 
as the material may be weakened due to cyclic high loading conditions between the 
ball and surface, and fretting wear.  No catastrophic wear occurred which may have 
caused the service life of the sample to be shortened during the two hour test period.  
The wear track generated had an average depth of 1.76 micrometres and an 
average length of 0.543mm, see Figure 4-3.   
 
 
Figure 4-3 : Wear Track of Vesconite Hilube 
Length of Wear Track 
Depth of 
Wear Track 
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Table 12 shows the wear rates for seven tests of Vesconite Hilube. Vesconite Hilube 
had the greatest PV limit and also has a high compressive stress which should give 
the material a lower wear rate. 
 
Test Number Wear Rate, mm³/Nm (x10-6) Deviation from Average, mm³/Nm (x10-6) 
1 1.644  0.369 
2 2.340 -0.327 
3 1.924  0.089 
4 2.003  0.010 
5 2.271 -0.258 
6 2.355 -0.342 
7 1.555  0.458 
 Average = 2.013 Standard Deviation = 0.328 
  95 % Uncertainty = ± 0.303 
Table 12 : Wear Rate Results for Vesconite Hilube 
4.2.2 Vesconite  
With similar frictional properties to Vesconite Hilube as shown in Table 13, 
Vesconite had a higher wear rate when comparing all seven tests.  The mechanical 
properties such as compressive stress and hardness are the same for both 
materials, so the addition of lubrication is positively affecting the wear rate 
performance of Vesconite Hilube. 
 
The coefficients of friction gathered for run 1 and 4 were the lowest values overall, 
with little deviation in coefficients present during the runs.  This material had the 
lowest average coefficient of friction, but not the lowest wear rate.  This confirms 
that coefficient of friction and wear rate are not directly proportional.   
 
Test Number Friction coefficient ,μ Deviation from Average ,μ 
1 0.055 0.0073 
2 0.062 0.0007 
3 0.056 0.0068 
4 0.055 0.0076 
5 0.077 -0.0140 
6 0.069 -0.0060 
7 0.065 -0.0025 
 Average = 0.063 Standard Deviation = 0.0033 
  95 % Uncertainty = ± 0.0043 
Table 13 : Friction Coefficient Results for Vesconite 
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Table 14 shows the wear rate for seven tests of Vesconite.  Due to no internal 
lubrication Vesconite’s wear rate was slightly higher than that of Vesconite Hilube.  
 
Test Number Wear Rate, mm³/Nm (x10-6) Deviation from Average, mm³/Nm (x10-6) 
1 2.790 -0.0347 
2 2.783 -0.0277 
3 2.387  0.3683 
4 2.514  0.2413 
5 2.630  0.1253 
6 3.231 -0.4757 
7 2.952 -0.1966 
 Average = 2.755 Standard Deviation = 0.282 
  95 % Uncertainty = ± 0.260 
Table 14 : Wear Rate Results for Vesconite 
Very fine debris was present at the end of each test.  This debris collected around 
the perimeter of the wear track as a result of the wear process as can be seen in 
Figure 4-4.  Scoring marks are also present in the direction of sliding due to adhesion 
of the surface to the stainless steel ball, this could of lead to abrasion.  
 
 
Figure 4-4 : Wear Track of Vesconite 
4.2.3 Acetal  
Acetal had the most consistent frictional pattern with a short run in period followed 
by a uniform increase.  With this consistent pattern following the same trend a low 
standard deviation was achieved for the coefficient of friction, see Table 15.  Hooke 
also [43] found that Acetal follows a very consistent coefficient of friction trend.  He 
also found that the wear of Acetal was heavily dependent on the load of the normal 
force between the steel and polymer in contact.  Samyn [44] confirms that there is a 
linear relationship between frictional force and normal load when running tests with 
Acetal.      
Fine 
Debris 
Scoring 
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Test Number Friction coefficient ,μ Deviation from Average ,μ 
1 0.213  0.0107 
2 0.218  0.0060 
3 0.229 -0.0050 
4 0.228 -0.0043 
5 0.236 -0.0123 
6 0.223  0.0008 
7 0.220  0.0040 
 Average = 0.224 Standard Deviation = 0.0078 
  95 % Uncertainty = ± 0.0071 
Table 15 : Friction Coefficient Results for Acetal 
In Figure 4-5 the coefficient of friction is shown for the two hour test.  The rate of 
increase of coefficient of friction during the steady state of the Acetal test was higher 
than that of the Vesconite Hilube test. 
 
 
Figure 4-5 : Coefficient of Friction Acetal 
The wear track produced by Acetal was similar to Vesconite Hilube with very fine 
flakes present around the extremities of the track but coarser and in greater 
quantities.  Table 16 shows the wear rates gathered for Acetal. 
 
Test Number Wear Rate, mm³/Nm (x10-6) Deviation from Average, mm³/Nm (x10-6) 
1 6.138 -0.4127 
2 5.066  0.6591 
3 10.044 -4.3182 
4 4.252  1.4733 
5 4.351  1.3741 
6 4.882  0.8431 
7 5.344  0.3813 
 Average = 5.725 Standard Deviation = 2.007 
  95 % Uncertainty = ± 1.856 
Table 16 : Wear Rate Results for Acetal 
Running-In 
Steady State 
Transition 
Zone 
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4.2.4 Ertalyte  
Coefficient of friction tests on Ertalyte yielded inconsistent results.  The average 
values showed a larger standard deviation than for other materials.  The test data 
also followed different trends with respect to time, see Appendix 1.  In tests 1, 4, 5 
and 6 as listed in Table 17, the material experienced catastrophic wear.  This caused 
accelerated face damage and deterioration of the samples which would dramatically 
increase the wear rate which affected the coefficient of friction drastically.  As for 
tests 2 and 3 the wear was more consistent, resulting in very little deviation in the 
coefficient of friction and wear rate, see Table 18.  
 
Test Number Friction coefficient ,μ Deviation from Average ,μ 
1 0.147 -0.0170 
2 0.081  0.0496 
3 0.099  0.0318 
4 0.137 -0.0068 
5 0.169 -0.0382 
6 0.152 -0.0212 
7 0.129  0.0018 
 Average = 0.130 Standard Deviation = 0.031 
  95 % Uncertainty = ± 0.029 
Table 17 : Friction Coefficient Results for Ertalyte 
Test Number Wear Rate, mm³/Nm (x10-6) Deviation from Average, mm³/Nm (x10-6) 
1 10.871 -1.0416 
2 2.757  7.0724 
3 3.127  6.7024 
4 10.367 -0.5376 
5 17.181 -7.3513 
6 13.669 -3.8393 
7 10.834 -1.0050 
 Average = 9.829 Standard Deviation = 5.261 
  95 % Uncertainty = ± 4.866 
Table 18 : Wear Rate Results for Ertalyte 
Ertalyte was the hardest of the seven materials tested, see 3.15, however it did not 
show the best coefficient of friction and wear rate, again confirming that hardness is 
not directly related to friction coefficient and wear rate.  Figure 4-6 shows the 
coefficient of friction graphs gathered for Ertalyte during two tests.  (A) Shows a run 
in period of 50 minutes after which the coefficient of friction stays constant.  No 
excessive damage to the surface of the material occurred, this can be seen in wear 
track diagram (B).  (C) Shows a similar run in period, but the material experiences 
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a catastrophic period where the frictional force, wear rate and area of the wear track 
increases drastically (D).  The high frictional force then decreases.  This is due to 
the mechanical properties of the material becoming more resistant to the loading.  
This anomaly in readings shows that the material is not homogeneous and the same 
anomaly is picked up for the same material in the BTM results.  
 
 
Figure 4-6 : Difference in gathered results for Ertalyte 
(A) 
(B) 
(C) 
(D) 
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4.2.5 Nylon Oil  
Nylon 6 with the addition of oil between the molecular chains was the best 
performing Polyamide of the three nylons tested.  The coefficient of friction vs time 
graph achieved for all tests followed the same pattern with a sharp peaks between 
flat valleys.   
 
Figure 4-7 shows a typical coefficient of friction graph for Nylon Oil.  According to 
Zsidai [41] the effects of the oil is due to partial diffusion through the polymer bulk to 
provide lubrication at the surfaces in contact and that a sharp increase in coefficient 
of friction will occur when the internal lubrication effects are restricted.  Therefore, 
the transition value is thought to be attributed to local melting and deformation 
effects on the surface.  He also found that Nylon Oil showed better sliding properties 
than that of other Polyimides tested, due to the lubrication effect of oil.  This is 
affirmed by the results of the Tribometer tests.   
 
Figure 4-7 : Coefficient of friction for Nylon Oil 
The coefficient of friction for the tests performed on Nylon Oil can be seen in Table 
19.  
Test Number Friction coefficient ,μ Deviation from Average ,μ 
1 0.128 -0.0092 
2 0.105 0.0135 
3 0.103 0.0159 
4 0.121 -0.0027 
5 0.105 0.0139 
6 0.124 -0.0057 
7 0.144 -0.0257 
 Average = 0.119 Standard Deviation = 0.015 
  95 % Uncertainty = ± 0.014 
Table 19 : Friction Coefficient Results for Nylon Oil 
Running-In 
Steady State 
Increases in traction loading 
Transition 
Zone 
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The spikes in frictional force considerably accelerated the wear rate of the material 
being tested.  If the increase and decrease in traction loading at the spikes was 
more gradual the wear rate would be reduced, see Figure 4-7.  When comparing 
Nylon Oil to Acetal, Nylon Oil had a better coefficient of friction average but a greater 
wear rate.  This is due to Acetal having a constant coefficient of friction without 
spikes similar to those in the Nylon Oil tests.  Table 20 shows the wear rates 
compiled for Nylon Oil.   
Test Number Wear Rate, mm³/Nm (x10-6) Deviation from Average, mm³/Nm (x10-6) 
1 7.974  0.0609 
2 9.470 -1.4343 
3 7.843  0.1926 
4 6.926  1.1089 
5 5.395  2.6399 
6 7.846  0.1890 
7 10.792 -2.7570 
 Average = 8.035 Standard Deviation = 1.729 
  95 % Uncertainty = ± 1.599 
Table 20 : Wear Rate Results for Nylon Oil 
4.2.6 Nylon Hard  
Nylon Hard was one of the worst performing polymers with regard to coefficient of 
friction and wear.  The test started with a low coefficient of friction much like the 
other Polyamides, but showed a rapid acceleration period which caused 
catastrophic wear in the form of scoring on the surface as seen in Figure 4-8.  This 
same trend was seen by Hooke [43] and the reason for this happening according to 
him is complicated by the rise in temperature associated with the coefficient of 
friction.  This scoring of the material continued until the end of the test producing 
long, ribbon-like debris.  Figure 4-9 shows a typical coefficient of friction graph for 
Nylon Hard.  
 
Figure 4-8 : Wear Track of Nylon Hard 
Wear Track 
Debris 
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Figure 4-9 : Coefficient of Friction Nylon Hard 
 
The coefficient of friction attained for Nylon Hard can be seen in Table 21, the 
Tribometer had a maximum limit of ±0.5 for coefficient of friction so the Tribometer 
was running at maximum loading conditions during the latter part of each test.   
Test Number Friction coefficient ,μ Deviation from Average ,μ 
1 0.352  0.0385 
2 0.244  0.1469 
3 0.413 -0.0219 
4 0.410 -0.0189 
5 0.432 -0.0408 
6 0.434 -0.0436 
7 0.451 -0.0602 
 Average = 0.391 Standard Deviation = 0.072 
  95 % Uncertainty = ± 0.067 
Table 21 : Friction Coefficient Results for Nylon Hard 
The wear rates achieved for Nylon Hard were ± 140 times greater than that of 
Vesconite Hilube.  This dramatic difference in wear rate is due to the superior 
mechanical properties of Vesconite Hilube, e.g. glass transition temperature, 
melting point, PV limit and compressive yield strength. The physical construction of 
the monomer chain structure also plays a role in the wear resistance of the material. 
 Test Number Wear Rate, mm³/Nm (x10-6) Deviation from Average, mm³/Nm (x10-6) 
1 277.850  7.1102 
2 237.274  47.6862 
3 258.246  26.7142 
4 261.930  23.0304  
5 344.631 -59.6712 
6 280.350  4.6105 
7 334.440 -49.4803 
 Average = 284.960 Standard Deviation = 39.997 
  95 % Uncertainty = ± 36.993 
Table 22 : Wear Rate Results for Nylon Hard 
Running-In 
Steady State 
Transition 
Zone 
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4.2.7 Nylon MoS2  
Nylon infused with molybdenum disulphide was not able to handle the loading the 
sample was subjected to this caused the material to collapse.  As occurred in the 
case of Nylon Hard, the material was not able to withstand the loading as well as 
oscillation.  The transition zone after the running in period was characterized by a 
smaller acceleration of coefficient of friction during the transition zone, see Figure 
4-9 and Figure 4-10.  The coefficient of friction after the catastrophic wear period 
was greater for Nylon MoS2.  Subsequently it had a higher overall coefficient of 
friction and wear rate, see Table 23 and Table 24. 
 
Figure 4-10 : Coefficient of Friction Nylon MoS2 
Test Number Friction coefficient ,μ Deviation from Average ,μ 
1 0.418 0.0004 
2 0.388 0.0302 
3 0.442 -0.0231 
4 0.364 0.0541 
5 0.429 -0.0103 
6 0.431 -0.0125 
7 0.457 -0.0386 
 Average = 0.418 Standard Deviation = 0.032 
  95 % Uncertainty = ± 0.03 
Table 23 : Friction Coefficient Results for Nylon MoS2 
Test Number Wear Rate, mm³/Nm (x10-6) Deviation from Average, mm³/Nm (x10-6) 
1 315.646 -20.8590 
2 311.412 -16.6250 
3 295.425 -0.6380 
4 264.67346  30.1136 
5 306.37289 -11.5859 
6 267.33106  27.4560 
7 302.64871 -7.8617 
 Average = 294.787 Standard Deviation = 20.691 
  95 % Uncertainty = ± 19.136 
Table 24 : Wear Rate Results for Nylon MoS2 
Running-In 
Steady State 
Transition 
Zone 
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In Figure 4-11 a similar wear pattern to that of Nylon Hard can be seen for Nylon 
MoS2, due to the material not being able to handle the loading under oscillation. 
 
 
Figure 4-11 : Wear Track of Nylon MoS2 
 Discussion of Tribometer Results 
In analysing the results gathered from the Tribometer the following will be 
considered: 
 Material performance 
 General shape of the coefficient of friction curve 
 Relationships 
 Visual summary of the data 
 
Vesconite Hilube performed the best overall during the Tribometer testing with an 
average coefficient of friction of 0.064 and a wear rate of 2,013 x10-6 mm³/Nm.  The 
closest competing material was Vesconite with a coefficient of 0.063 which is less, 
but its wear rate was higher at 2.755 x10-6 mm³/Nm.  Acetal, Ertalyte and Nylon Oil 
also showed low friction, but had greater wear rates.  Nylon MoS2 and Nylon Hard 
had unacceptable wear rates, coefficients of friction and collapsed under the loading 
it was subjected to, see Table 25.  
 
 
 
 
 
Wear Track 
Ribbon like 
Debris 
Fine Debris 
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Polymer Average Coefficient of Friction Average Wear Rate, mm³/Nm (x10-6) 
Vesconite Hilube 0.064 2.01 
Vesconite  0.063 2.76 
Acetal 0.119 8.04 
Ertalyte 0.130 9.83 
Nylon Oil  0.224 5.73 
Nylon Hard  0.391 284.96 
Nylon MoS2 0.418 294.79 
Table 25 : Average Coeffients of Friction and Wear Rates for Tribometer Results 
All the polymer materials tested showed a similar trend in coefficient of friction with 
respect to time, showing an initial running-in period, a transition zone and a steady 
state period.  During the running-in period, according to Kalácska [28], the contact 
zone between the ball and polymer is being reformed and restructured (e.g. the 
topographical and surface layers).  He goes on by saying that a polymeric film is 
formed on the micro-topography on the steel counter surface and that this increases 
the force required to continue the sliding process.  This is due to interfering 
mechanical cutting and forming of the contact zone and adhesive effects between 
the materials.  After this running-in period a transition zone occurred.  This is where 
the maximum coefficient of friction should be measured according to Kalácska [28].  
As the polymer film forms the adhesive component of the friction changes to 
polymer/polymer contact which has a stronger adhesion than steel/polymer contact.  
This occurrence manifests in the data as the transition zone.  He goes on to say that 
after the transition zone a re-adhesion process of the polymer film occurs which 
starts to provide a balance in coefficient of friction.  This was not the case in the 
results gathered from the Tribometer as Kalácska’s tests were done under lower 
force loading conditions.  His tests were carried out specifically without overload 
occurring, whereas the Tribometer tests were run at overload conditions.  Also, his 
tests were done using the Pin-on-Disk configuration which does not simulate 
oscillation, as opposed to the Tribometer tests which did.  
 
The transition zone for most of the materials can be clearly seen in the tests data, 
but due to the high loading this is not the point of maximum friction.  Most materials, 
with the exception of Ertalyte, had their maximum coefficient of friction at the end of 
the test duration. 
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Figure 4-12 shows the coefficients of friction gathered for all materials on a 
combined graph as well as the transition from the running-in period to transition 
zone.  As the wearing process is complicated no convincing evidence showing a 
relationship between the coefficient of friction and wear rate was found for most of 
the materials.  It was also found that a lower coefficient of friction does not 
necessarily determine a low wear rate.  
 
Ertalyte was the only material where a relationship between coefficient of friction 
and wear rate was found, using ANOVA regression.  There was convincing evidence 
that an increase in coefficient to friction results in an increase in wear rate.  (Linear 
regression, p=0.00029) (95% Cl).  See Appendix D for all ANOVA tests done.  The 
length of the running in period could indicate the resistance a material has to wear, 
when being subjected to loading and small oscillation.  
  
Figure 4-12 : Average Coefficient of friction for all Polymers - Tribometer Testing 
As can be deduced from the test results, the PV limit of a material is a good 
indication of the material’s ability to resist wear and even collapse.  This can be seen 
when comparing Figure 4-14 and Table 2.  Vesconite Hilube had the highest PV 
limit value of 8 and also achieved the best wear rates.  A careful look at both the 
polymer’s compressive strength and PV Limit needs to be taken before choosing a 
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material for the intended application.  A material with a satisfactory PV limit may be 
selected, but the material may still fail due to compressive stress overload at a low 
velocity.   
 
The reaching of the glass transition temperature can negatively affect the 
mechanical properties of that material as found in literature [7, 34].  With no means to 
measure this temperature at the point of oscillation where the heat is being 
generated there is no proof that the sudden collapse of Nylon Hard and Nylon MoS2 
was due to the glass transition temperature being reached.   
 
Figure 4-13 shows the average coefficient of friction achieved for all material.  This 
data was compiled from 7 tests for each material under the same loading and setup 
procedure.    
 
Figure 4-13 : Coefficient of friction for all Polymers 
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The average wear rates for all 7 tested polymers is shown in Figure 4-14.  
 
Figure 4-14 : Wear Rates for all Polymers 
Figure 4-15 shows the wear rates of the top five best performing polymers.  This 
was done so that a better representation between the top performers could be made. 
 
Figure 4-15 : Wear Rates of Top 5 Polymers  
 Bearing Testing Machine Procedure 
The testing procedure was carried out twice for each material.  Because the machine 
always tests two sample simultaneously, 4 sample of each material were tested.  
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Each test lasted for either 24 or 48 hours depending on the degree of wear and 
frictional force present during the testing.  If these values became too high the test 
was stopped immediately regardless of the current duration to avoid damage to the 
BTM.  The relevant data was recorded for all of the tests.  This was done regardless 
of the elapsed time period for the experiment.  
 
A synchronous infinite impulse response filter (IIR) was used to eliminate the noise 
in strain data collected from the eDAQ Lite.  For the complete collection of data for 
all BTM testing see Appendix B. 
4.4.1 Vesconite Hilube  
Vesconite Hilube was found to be superior to the other seven materials tested with 
the BTM in the fields of coefficient of friction and wear rate.  The typical strain vs 
time graph for Vesconite Hilube can be seen in Figure 4-16.  This figure shows that 
the same trend was followed by both coefficient of friction and strain.  This is 
because strain has a linear relationship to normal force and normal force had a linear 
relationship to tangential force i.e. coefficient of friction.  Figure 4-16 shows an initial 
running in period, but with no clear transition zone and steady state period.  As 
Vesconite Hilube was the best performing material in the Tribometer and BTM 
testing it was desired to simulate using the material in a sugar mill for an entire 
season.  Simulating a typical sugar mill season of 200 days equates to 216 hours 
due to the accelerated testing method employed by the BTM (see Table 7 under 
section 3.9).   
 
Figure 4-16 : Running in Period during a 48 hr Strain vs Time for Vesconite Hilube   
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Initially a 216 hour test was planned and started, but due to an interruption in 
electrical power supply the test was interrupted after 190 hours.  The test could not 
be resumed because test data recording had been compromised.  Figure 4-17 
shows the data gathered for the 190 hour test.  This test included the transition zone 
and the steady state period which was not included in the 48 hour test. 
 
Figure 4-17 : 190 hr Strain vs Time for Vesconite Hilube  
Vesconite Hilube had the least wear present on the surface of the bush, four tests 
were done for a duration of 48 hours each as little wearing occurred during the tests, 
see Table 26.  An average wear of only 0.02 mm for the 48 hours testing was 
recorded.  This amount of wear was measured using the dial test indicator 
positioned at the top of the Axial Arm as described in 3.14.  The coefficients of 
friction was calculated from the strain data.   
Test 
Number 
Duration 
(hr) 
Normal Force 
(KN) 
Tangential Force 
(KN) 
Friction coefficient 
(μ) 
Wear 
(mm) 
1 48 33.600 2.953 0.088 0.02 
2 48 33.226 2.666 0.080 0.01 
3 48 33.061 3.786 0.115 0.03 
4 48 33.168 3.534 0.107 0.02 
 Average : 33.271 3.235 0.097 0.02 
Table 26 : Vesconite Hilube Bearing Testing Machine Results 
Table 27 shows the results calculated from the data for the 190 hour tests. 
Test 
Number 
Duration 
(hr) 
Normal Force 
(KN) 
Tangential Force 
(KN) 
Friction coefficient 
(μ) 
Wear 
(mm) 
5 190 34.433 4.285 0.124 0.06 
6 190 33.576 3.894 0.116 0.07 
 Average : 34.005 4.0895 0.12 0.065 
Table 27 : Vesconite Hilube 9 day Testing Results 
Running-In 
Steady State 
Transition Zone 
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Figure 4-18 shows the wear patterns due to the interaction between the steel shaft 
and the polymer bush.   
 
Figure 4-18 : Vesconite Hilube Surface Wear Pattern for BTM 
Figure 4-19 shows the wear debris being ejected from between the contacting 
surfaces.  Optionally this could have been prevented, but  Briscoe [19] found that the 
removal of debris will reduce the fretting and reciprocating wear in certain polymeric 
materials.  For this reason and because it is in line with the sugar mill application 
the debris was not prevented from escaping between the contacting surfaces and 
causing three-body abrasion,  see 2.4.2.   
 
Figure 4-19 : Vesconite Hilube Debris deposited on Shaft  
4.4.2 Vesconite  
Vesconite followed a different initial trend but with a longer running-in than Vesconite 
Hilube. While Vesconite Hilube’s running-in period followed a decreasing trend, 
Test 1 Test 2 Test 3 Test 4 Typical Surface Wear Pattern 
Scale 1.2:1 Scale 4.5:1 
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Vesconite running-in period followed an increasing trend.  When the steady state 
condition was reached a decrease in the strain between maximum and minimum 
was seen due to the wear rate present on the polymer bushes.  This decrease is 
due to the compression spring at the rear of the BTM being unloaded because of 
the loss of material of the bush, see Figure 4-20.  
 
Figure 4-20 : Strain vs Time for Vesconite 
The maximum wear that occurred during a test on the Vesconite bushing was 0.14 
mm.  This material made a lot of noise (squeaking) during the test either in both 
directions of oscillation or only in one direction.  This is due to the friction between 
the interfaces of the sliding components.  If the dynamic coefficient of friction is 
greater than the static, the movement between the two surfaces can get irregular 
causing the bush to intermittently slip-stick causing the squeaking noise during the 
tests [45].  
 
Table 28 shows the results gathered during 24 and 48 hour tests for Vesconite.  The 
frictional results gathered were substantially higher for the BTM compared to the 
Tribometer.  This is due to the high loading with insufficient lubrication present 
between the frictional interface surfaces.    
Test 
Number 
Duration 
(hr) 
Normal Force 
(KN) 
Tangential Force 
(KN) 
Friction coefficient 
(μ) 
Wear 
(mm) 
1 24 33.638 12.535 0.373 0.11 
2 24 32.150 10.854 0.338 0.10 
 Average : 32.894 11.694 0.355 0.105 
3 48 33.582 11.730 0.349 0.14 
4 48 32.895 11.193 0.340 0.14 
 Average : 33.239 11.461 0.345 0.140 
Table 28 : Vesconite Bearing Testing Machine Results 
Running-In Steady State Transition Zone 
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The surface wear pattern is shown in Figure 4-21 during Nylon MoS2 testing on the 
BTM.   
 
Figure 4-21 : Vesconite Surface Wear Pattern for Bearing Testing Machine 
When comparing the debris left behind from Vesconite to that of Vesconite Hilube 
coarser and longer debris was left behind on the shaft after testing Vesconite 
bushes.  
 
 
Figure 4-22 : Vesconite Debris deposited on Shaft 
4.4.3 Acetal  
Acetal followed a similar coefficient of friction graph when tested on the BTM to the 
results gathered with the Tribometer.  The coefficient of friction increased steadily 
Test 1 Test 2 Test 3 Test 4 Typical Surface Wear Pattern 
Scale 1.2:1 Scale 4.5:1 
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without fluctuation in data for the testing period.  Acetal performed better in friction 
under BTM tests than Vesconite as Acetal is better at self-lubricating.   
 
 
Figure 4-23 : Strain vs Time for Acetal 
Even with Acetal having a lower coefficient of friction to that of Vesconite, Vesconite 
had less wear after a 48 hour test, see Table 28 and Table 29 for comparison.  As 
found by Mao[46] the wear performance of Acetal is entirely dependent on surface 
temperatures at high loading.   
 
Test 
Number 
Duration 
(hr) 
 Normal Force 
(KN) 
Tangential Force 
(KN) 
Friction 
coefficient (μ) 
Wear 
(mm) 
1 18.5 32.831 7.717 0.235 0.14 
2 18.5 32.687 8.177 0.250 0.16 
 Average : 32.759 7.947 0.243 0.150 
3 48 33.060 9.610 0.291 0.20 
4 48 32.503 9.511 0.293 0.18 
 Average : 32.781 9.560 0.292 0.190 
Table 29 : Acetal Bearing Testing Machine Results 
Figure 4-24 shows the wear pattern during the four individual tests as well as a 
magnified look at the surface wear pattern.  The surface wear pattern clearly shows 
signs of fretting due to the wearing process.  With fretting wear, other wear 
mechanisms may be present, this will rapidly accelerate the wearing process while 
Running-In Steady State 
Transition 
Zone 
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keeping the frictional coefficient low due to third body debris being present between 
the shaft and bush in contact.  
 
 
Figure 4-24 : Acetal Surface Wear Pattern for Bearing Testing Machine 
 
The debris left on the extremities of the Acetal bush can be seen in Figure 4-25. 
Fine hairy debris was left on the shaft. 
 
Figure 4-25 : Acetal Debris deposited on Shaft 
4.4.4 Ertalyte  
Ertalyte followed the same trend as in the Tribometer testing with almost random 
values obtained for coefficient friction.  Despite the same initial loading and 
Test 1 Test 2 Test 3 Test 4 
Fretting 
Typical Surface Wear Pattern 
Scale 1.2:1 Scale 4.5:1 
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constraint conditions for the testing procedure totally different results were gathered 
for the frictional forces and wear rates for the two polymer bushes tested 
simultaneously for Test 1 and 2, see Figure 4-26 and Figure 4-27.  The conditions 
the Ertalyte bushes were exposed to during the tests were very similar.  They were 
exposed to the same oscillation and initial load.  The reason for the load not being 
the same throughout the test is that the two bushes had different wear rates allowing 
the compression springs to unload at different rates.  
 
Figure 4-26 : Strain vs Time for Ertalyte Arm 1 during Test 1 
 
Figure 4-27 : Strain vs Time for Ertalyte Arm 2 during Test 2 
Table 30 shows the results gathered from the BTM during the 24 and 48 hour tests.  
A correlation between coefficient of friction and wear can be seen in that a higher 
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coefficient of friction contributed to greater wear.  This correlation was less 
pronounced in Test 3 as a catastrophic failure of the bush occurred, see Figure 4-28, 
causing large amounts of debris to be produced.  According to Briscoe[19] the wear 
rate can be reduced due to the debris acting as a ‘lubricant’.  This could be the case 
for Test 3 as the coefficient of friction is reduced due to an increase in wear.  
Test 
Number 
Duration 
(hr) 
 Normal Force 
(KN) 
Tangential Force 
(KN) 
Friction 
coefficient (μ) 
Wear 
(mm) 
1 24 32.903 14.978 0.455 0.25 
2 24 32.897 7.838 0.238 0.03 
 Average : 32.900 11.408 0.347 0.140 
3 48 31.835 15.658 0.492 0.55 
4 48 31.717 16.252 0.512 0.41 
 Average : 31.776 15.955 0.502 0.478 
Table 30 : Ertalyte Bearing Testing Machine Results 
Figure 4-28 shows the different wear patterns made on the Ertalyte samples.  Test 
3 shows the state of the bearing after catastrophic failure due to excessive wearing. 
 
Figure 4-28 : Ertalyte Surface Wear Pattern for Bearing Testing Machine 
 
 
 
 
 
Test 1 Test 2 Test 3 Test 4 Typical Surface Wear Pattern 
Scale 1.2:1 Scale 4.5:1 
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The wear debris left on the on the shaft after testing Ertalyte is shown in Figure 4-29. 
 
Figure 4-29 : Ertalyte Debris deposited on Shaft 
4.4.5 Nylon Oil  
Nylon Oil experienced deformation of the bush during the run in period as the 
material could not resist the compressive loading combined with the oscillation.  
Table 31 shows the results gathered for the 4 tests done.  These tests were stopped 
due to the excessive wearing and the initial collapse of the bushings.  Figure 4-30 
shows a typical strain vs time graph for a Nylon Oil test. 
 
Figure 4-30 : Strain vs Time for Nylon Oil  
Running-In Steady State Transition Zone 
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Test 
Number 
Duration 
(hr) 
 Normal Force 
(KN) 
Tangential Force 
(KN) 
Friction 
coefficient (μ) 
Wear 
(mm) 
1 10 31.822 14.773 0.464 0.45 
2 10 30.956 15.515 0.501 0.43 
 Average : 31.389 15.144 0.483 0.440 
3 17.5 30.976 17.903 0.578 0.47 
4 17.5 30.345 17.875 0.589 0.48 
 Average : 30.661 17.889 0.584 0.470 
Table 31 : Nylon Oil Bearing Testing Machine Results 
Figure 4-31 shows the surface of the 4 Nylon Oil bushes after testing.  Melting of 
the polymer occurred due to high heat being generated which was caused by the 
high loading and oscillation during the test.  This melting indicated an overload of 
the bush.  Zsidai[41] confirms this by writing that a transition to a higher friction was 
thought to be attributed to local melting and deformation effects on the surface.  This 
transition can be seen in Figure 4-30.    
 
Figure 4-31 : Nylon Oil Surface Wear Pattern for Bearing Testing Machine 
 
 
 
 
 
 
 
Test 1 Test 2 Test 3 Test 4 Typical Surface Wear Pattern 
Scale 1.2:1 Scale 4.5:1 
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Figure 4-32 shows the long hair like debris present due to the wearing process of 
Nylon Oil.   
 
 
Figure 4-32 : Nylon Oil Debris deposited on Shaft 
4.4.6 Nylon Hard  
Nylon Hard showed similar results during BTM testing to that of the Tribometer 
testing with an initially steep gradient due to a collapse of the material, see Figure 
4-33.  This collapse in the material was similar to that of Nylon Oil but more rapid.  
 
 
Figure 4-33 : Strain vs Time for Nylon Hard 
Running-In 
Steady State Transition Zone 
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 Very high wear and frictional results were gathered for a 12 hour period therefore 
the tests were terminated, see Table 32.  
 
Test 
Number 
Duration 
(hr) 
 Normal Force 
(KN) 
Tangential Force 
(KN) 
Friction 
coefficient (μ) 
Wear 
(mm) 
1 12 32.446 17.638 0.544 0.26 
2 12 31.382 15.496 0.494 0.27 
3 12 32.571 18.215 0.559 0.23 
4 12 31.789 15.857 0.499 0.24 
 Average : 32.047 16.801 0.524 0.25 
Table 32 : Nylon Hard Bearing Testing Machine Results 
The surface wear patterns from the testing of the material can be seen in Figure 
4-34.  An overload was experienced due to melting occurring on the surface.  This 
could also be seen in Nylon Oil tests. 
 
Figure 4-34 : Nylon Hard Surface Wear Pattern for Bearing Testing Machine 
4.4.7 Nylon MoS2 
Nylon MoS2 followed a similar strain curve to that of Nylon Oil and Nylon Hard with 
an initially sharp increase in gradient, see Figure 4-35.  Again this was a repetition 
of the results in the other two Polyamide tests.  Therefor the Polyimides can be said 
to behave similarly under these wear conditions with an initial collapse in the 
material.  
 
Test 1 Test 2 Test 3 Test 4 Typical Surface Wear Pattern 
Scale 1.2:1 Scale 4.5:1 
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Figure 4-35 : Strain vs Time for Nylon MoS2 
The material collapsed very quickly with large amounts of wear being produced in 
a short period of time, see Table 33.   
 
Test 
Number 
Duration 
(hr) 
 Normal Force 
(KN) 
Tangential Force 
(KN) 
Friction 
coefficient (μ) 
Wear 
(mm) 
1 3 31.847 15.437 0.485 0.31 
2 3 31.618 14.870 0.470 0.32 
 Average : 31.732 15.154 0.478 0.313 
3 4 31.264 16.393 0.524 0.34 
4 4 30.782 16.136 0.524 0.41 
 Average : 31.023 16.264 0.524 0.375 
Table 33 : Nylon MoS2 Bearing Testing Machine Results 
Pogosian [47] established  that all self-lubricated polymer materials are capable of 
forming a variety of self-lubricating friction transfer film on the friction surface.  He 
went on by saying that there are a number of factors which can influence the 
lubrication mechanism present in a material arrangement.  Nylon MoS2 left a crust 
like substance over the area of contact.  This may be due to the Molybdenum 
Disulphide precipitating to the surface due to the heat generated when placed under 
high loading and oscillation. 
 
Running-In 
Steady State 
Transition Zone 
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Figure 4-36 : Nylon MoS2 Surface Wear Pattern for Bearing Testing Machine 
 Discussion of Bearing Testing Results 
In analysing the results gathered from the BTM the following will be discussed: 
 Material performance 
 General shape of the coefficient of friction curve 
 Loading as an indication of wear 
 Transfer films 
 Nylon failures 
 
Table 34 shows the coefficient of friction found for each test of every material on the 
BTM.  Even though the durations of testing differed for the same material, similar 
coefficients of friction were gathered.  Nylon Oil has the greatest coefficient of 
friction.  This might not have been the case if Nylon Hard and Nylon MoS2 were 
allowed to run for a longer period of time.  These two tests were cut very short due 
to the poor performance of the materials under the loading conditions. 
 
Test 
Number 
Vesconite 
HiLube Vesconite Acetal  Ertalyte 
Nylon 
Oil 
Nylon 
Hard 
Nylon 
MoS2 
1 0.088 0.373 0.235 0.455 0.464 0.544 0.485 
2 0.080 0.338 0.250 0.238 0.501 0.494 0.470 
3 0.115 0.349 0.291 0.492 0.578 0.559 0.524 
4 0.107 0.340 0.293 0.512 0.589 0.499 0.524 
Average 0.097 0.345 0.292 0.502 0.584 0.529 0.524 
Table 34 : Coefficient of Friction for Bearing Testing Machine 
Test 1 Test 2 Test 3 Test 4 Typical Surface Wear Pattern 
Scale 1.2:1 Scale 4.5:1 
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Vesconite Hilube’s superior frictional behaviour can be seen with an average 
coefficient of friction of 0.097.  Acetal was the second best performing polymer with 
a steady rise in frictional resistance over the duration of the test.  
 
Ertalyte had good wear characteristic results in Test 2.  Tests 1 and 4 showed high 
coefficients of friction and high amounts of wear present throughout the duration of 
the tests.  During Test 3 a dramatic failure by rapid wear of the polymer surface 
occurred.  This was indicated by a large amount of debris being present after the 
test. 
 
As with the Tribometer test results, most materials’ coefficient of friction with respect 
to time indicated a running-in period, a transition zone and a steady state period.  
The length of the running in period could indicate the resistance a material has to 
wear, when being subjected to high loading and small oscillation.  It was observed 
that the longer the running in period resulted in a smaller degree of wearing for most 
of the materials tested, see Figure 4-37.   
 
The exemption to this was Acetal.  It’s running in period was steady and for a longer 
time period when compared to that of Vesconite even though it had greater wear 
present at the end of the test.  Acetal and Vesconite showed similar performance in 
coefficient of friction, but Acetal performed better than Vesconite, showing a much 
more uniform trend.  Vesconite however performed better in wear due to its superior 
mechanical properties. 
 
Figure 4-37: Running in Period of Polymers vs Time 
Chapter 4           Discussion of Experimental Results 
 
    76 
 
Figure 4-38 shows the loading present on the bush during testing.  The decrease in 
loading with respect to time is an indicator of the wearing process of the bush as 
when the bush wears the spring at the rear of the BTM is unloaded.  The initial force 
exerted on the Axial Arms was 30kN for all materials.  This was to ensure that the 
prescribed 40MPa compressive stress was present on the bush at the start of the 
test.   
 
Vesconite Hilube had the lowest deviation in load during a 48hour period which 
indicates the material has good wear properties.  Vesconite and Ertalyte had a 
gradual incline during the running in period.  This increase could be due to the 
removal of material from the contact area.  The removed material builds up or 
becomes lodged between the shaft and the bush effectively thickening the bush, 
increasing the loading on the bush.  This increase in thickness and load on the bush 
is carried over to the Axial Arm which in turn gives higher force readings. 
 
 
Figure 4-38 : Force on Polymer Bush during Testing 
According to Hatchings[48] the two main contributing mechanisms which increase 
the coefficient of friction and wear rate of a polymer when rubbing over a steel 
counter-face are adhesion in the contact zone and deformation of the polymer.  
Pogosian [47] concluded in his research of friction transfer and self-lubrication of 
polymers that it is important for friction transfer to be present under unlubricated 
friction conditions and that the properties of the transfer film influence the 
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operational characteristics of a polymer material.  This transfer film could be seen 
on the surface of the shaft at the end of each test as seen in Figure 4-39.  However 
Ertalyte did not show a transfer film after high wearing runs while it did after low 
wearing runs of the same duration, indicating that the presence of a transfer film 
decreases wear rate. 
 
Figure 4-39 : Transfer Film on the Shaft Surface 
All three of the Nylons performed poorly in coefficient of friction and wear during 
testing on the BTM.  The melting of the polymer at the contact zone that could be 
seen after testing indicated that the glass transition temperature had been reached.  
According to Briscoe[49] there is a pronounced decrease in the Young’s Modules and 
the hardness during this transition.  The measured temperature during the test for 
all materials was just over 50 degrees Celsius.  This temperature was measured at 
the top area of the steel shaft, as close to the bush as possible.  The exact transition 
temperature between the bush and shaft would be hotter than the measured 
temperature due to heat dissipation.    
Vesconite Hilube Vesconite  
Acetal  Ertalyte 
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 Summary 
In the comparison of Tribometer and BTM results, there was one material which was 
superior to all others tested.  It achieved the best tribological results with outstanding 
wear and frictional properties in all tests.  This material was Vesconite Hilube.  
Vesconite and Vesconite Hilube performed comparably in Tribometer testing, but 
during the BTM tests the high loading caused higher friction which dramatically 
increased the wearing process and decreased the life of the Vesconite samples. 
When comparing Tribometer to BTM results a higher coefficient of friction were 
present during the BTM testing for the same material as seen in Figure 4-40 .  This 
shows that a greater normal force negatively influences the coefficient of friction.  
This was also proven when a lighter weight was used during Tribometer testing. 
 
Figure 4-40 : Coefficient of friction Results for Tribometer and BTM 
Figure 4-41 shows the top 5 best performing polymers in coefficient of friction and 
wear.  Nylon Hard and Nylon MoS2 have been left out due to their high values. 
 
Figure 4-41 : Wear vs Coefficient of Friction 
BTM 
Tribometer 
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Acetal was the cheapest material tested and performed well.  It will be considered 
in the final selection as it kept a steady coefficient of friction as seen in Figure 4-42 
and the wear rate was consistent throughout the duration of the tests.  The wear 
rate recorded however was much higher than that of Vesconite Hilube, with Acetal 
being worn more within 48 hours of testing than Vesconite Hilube was in 190 hours 
of testing, both on the BTM.  It is estimated that an Acetal bush installed in a sugar 
mill would not last for an entire season leading to downtime during a season when 
replacement of the bushes is needed whereas a Vesconite Hilube bush could 
according to simulated tests last an entire season.  This would mean that the bushes 
would only need to be replaced during shutdown leading to no loss is production 
time. 
 
 
Figure 4-42 : Consistency of Acetal in Tribometer and BTM Results 
Ertalyte performed very irregularly in the results achieved during testing on both 
testing platforms, see Figure 4-43.  Ertalyte will also not be considered as a 
contender as it is not suitable for the intended application because the irregular 
performance during testing clearly shows that the material is too unpredictable. 
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Figure 4-43 : Inconsistency of Ertalyte during Tribometer and BTM results 
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Discussion and Future Research 
 Discussion 
In this study the behaviour of seven different polymers under high loading and small 
oscillation were investigated.  Primarily the coefficient of friction and wear.  The 
frictional behaviour of polymers is complex and can be influenced by many factors 
as shown in the results.  A number of mechanical properties were looked at when 
determining why a certain polymer material performed better than another.  These 
factors included compressive strength, compressive modulus, hardness and PV 
limits.  The thermal properties, namely the glass transition and melting 
temperatures, were also considered.  Table 35 shows the mechanical and thermal 
properties of the tested polymers.  These material properties were looked at and a 
direct correlation between, wear rate and coefficient of friction could not be found.  
However the PV limit could be the best mechanical property to look at when deciding 
which polymer to use for high load small oscillating application. 
  Mechanical and Thermal Properties  
Polymers 
Vesconite 
Hilube 
Vesconite Acetal Ertalyte 
Nylon 
Oil 
Nylon 
Hard 
Nylon 
MoS2 
Compressive   
Strength (MPa) 
92 92 110 105.14 138 158.1 148.3 
Compressive 
Modulus (MPa) 
2.29 2.29 2.6 2.75 2.24 2.24 2.24 
Hardness      
(Shore D) 
81.6 82.1 81.7 83.7 79.3 82.3 81.4 
PV Limit           
(MPa × m/min) 
8 5 6 6 3 3 3 
Glass transition 
temperature (°C) 
93 93 -60 70 47 47 47 
Melting 
Temperature (°C) 
260 260 170 254 222.81 225.23 220.63 
Table 35 : Mechanical and thermal Properties for all Materials 
With the acquired knowledge in coefficient of friction and wear rate a decision can 
be made of which polymer will be best suited for the application where high loading 
and small oscillation is present.  
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The cost of the material was also of importance when deciding on the final selection 
as whichever polymer is chosen has to be an economically viable option.  The 
purpose of using a polymer bush is to save money by using a less expensive 
solution than the current metal bearing elements.  Even though the cost of Vesconite 
Hilube is much greater than the next cheapest polymer, the advantage in not having 
to incur the down time of replacing bushes mid-season outweighs the extra material 
cost.  In addition bushes made from Vesconite Hilube are much less expensive than 
the metal element bearings.  The longer life without excessive wear will reduce 
maintenance costs compared to using metal element bearings and increase 
productivity when compare to other polymers. 
 
Acetal was the cheapest of the materials.  It performed well in the Tribometer and 
BTM tests but had greater wearing and coefficient of friction present at the end of 
the test to that of Vesconite Hilube.  For this reason it is less viable than Vesconite 
Hilube as the poorer resistance to wear would necessitate replacement of the 
bushes mid-season again causing down time.  The higher friction would also 
contribute to greater losses and increase power consumption. 
 
The running-in period gave a very good indication of the material’s ability to resist 
wear caused by friction under high load.  A short duration and steep friction gradient 
indicated overload and collapse of the material.  These materials are less resistant 
to frictional wear.  If the running-in period was long and the friction gradient was less 
steep it indicated a better resistance to wear under high loading.  This meant that 
the wear of the material was uniform and predictable. 
 
If the bush had excessive wear the coupling would not be able to transmit the high 
amounts of loading or could even fail due to the increased misalignment between 
the mill and motor of the sugar mill.  A low coefficient of friction would require less 
power from the motor as there is less frictional resistance for a given loading.  This 
gives the coupling better efficiency and the ability to work in situations where 
misalignment in induced.  Therefore the best material for the application of a bushing 
in a sugar mill coupling is Vesconite Hilube.  A coefficient of friction and wear 
performance ranking chart for Tribometer and BTM can be seen in Table 36.   
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 Tribometer Testing Bearing Testing Machine 
Material: Coefficient of 
friction   
Wear Rate  Coefficient of 
friction  
Wear  
Vesconite Hilube −−− −−− −−− −−− 
Vesconite  −−− −− + −− 
Acetal ++ − −− − 
Ertalyte −/+ −−/+ −/++ ++ 
Nylon Oil −− + +++ + 
Nylon Hard ++ +++ ++ +++ 
Nylon MoS2 +++ +++ +++ +++ 
Table 36 : Wear and Performance Ranking Chart for all Materials a (−−−) lowest friction/lowest wear; 
(−−) lower friction/lower wear; (−) low friction/low wear; (−/+) special behaviour (two different levels); 
(+) high friction/wear; (++) higher friction/ wear; (+++) highest friction/wear.               
 Future Research 
Future research should involve a method of predicting the life of a polymer bush 
under high loading, small oscillation using the mechanical, thermal and chemical 
properties of the material.  The research should investigate which properties have 
the greatest effect on tribological performance, i.e. coefficient of friction and wear, 
so that manufacturers and consumers can have a simpler method of selecting which 
material to manufacture their bushes from. 
 
With new polymer materials being introduced onto the local market tribological 
testing should be done on these materials under the same conditions so that a more 
comprehensive ranking chart can be drawn up.  
 
Additional lubrication between the polymer and steel surfaces in contact can also 
be considered such as molybdenum disulphide.  This added lubrication should lower 
the coefficient of friction and wear rate present during the high loading and low 
oscillation. 
 
Ideally this types of research could be combined so as to develop and produce new 
materials specifically designed for the intended application. 
 
For Tribometer and BTM testing the displacement as well as temperature of the 
contact zone should be monitored more precisely during the entire testing 
procedure.  These two variables may contribute to a better understanding of the 
wearing process.     
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 Tribometer Coefficient of Friction and Wear Results 
Vesconite Hilube 
 
Figure A 1 : Coefficient of friction for Vesconite Hilube 
 
Figure A 2 : Wear Track for Vesconite Hilube - Test 1 
COF Ave:
Test 1 0.061
Test 2 0.068
Test 3 0.064
Test 4 0.065
Test 5 0.064
Test 6 0.058
Test 7 0.065
g
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Figure A 3 : Wear Track for Vesconite Hilube - Test 2 
 
Figure A 4 : Wear Track for Vesconite Hilube - Test 3 
 
 
Figure A 5 : Wear Track for Vesconite Hilube - Test 4 
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Figure A 6 : Wear Track for Vesconite Hilube - Test 5 
 
Figure A 7 : Wear Track for Vesconite Hilube - Test 6 
 
Figure A 8 : Wear Track for Vesconite Hilube - Test 7 
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Vesconite 
 
Figure A 9 : Coefficient of friction for Vesconite 
 
Figure A 10 : Wear Track for Vesconite - Test 1 
COF Ave: COF Ave:
Test 1 0.055 Test 5 0.077
Test 2 0.062 Test 6 0.069
Test 3 0.056 Test 7 0.065
Test 4 0.055
g g
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Figure A 11 : Wear Track for Vesconite - Test 2 
 
Figure A 12 : Wear Track for Vesconite - Test 3 
 
Figure A 13 : Wear Track for Vesconite - Test 4 
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Figure A 14 : Wear Track for Vesconite - Test 5 
 
Figure A 15 : Wear Track for Vesconite - Test 6 
 
Figure A 16 : Wear Track for Vesconite - Test 7 
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Acetal 
 
Figure A 17 : Coefficient of friction for Acetal 
 
Figure A 18 : Wear Track for Acetal - Test 1 
COF Ave:
Test 1 0.213
Test 2 0.218
Test 3 0.229
Test 4 0.228
Test 5 0.236
Test 6 0.223
Test 7 0.22
g
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Figure A 19 : Wear Track for Acetal - Test 2 
 
Figure A 20 : Wear Track for Acetal - Test 3 
 
Figure A 21 : Wear Track for Acetal - Test 4 
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Figure A 22 : Wear Track for Acetal - Test 5 
 
Figure A 23 : Wear Track for Acetal - Test 6 
 
Figure A 24 : Wear Track for Acetal - Test 7 
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Ertalyte  
 
Figure A 25 : Coefficient of friction for Ertalyte 
 
Figure A 26 : Wear Track for Ertalyte - Test 1 
COF Avg: COF Avg: COF Avg: COF Avg:
Test 1 0.147 Test 3 0.099 Test 5 0.169 Test 7 0.129
Test 2 0.081 Test 4 0.137 Test 6 0.152
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Figure A 27 : Wear Track for Ertalyte - Test 2 
 
Figure A 28 : Wear Track for Ertalyte - Test 3 
 
Figure A 29 : Wear Track for Ertalyte - Test 4 
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Figure A 30 : Wear Track for Ertalyte - Test 5 
 
Figure A 31 : Wear Track for Ertalyte - Test 6 
 
Figure A 32 : Wear Track for Ertalyte - Test 7 
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Nylon Oil 
 
Figure A 33 : Coefficient of friction for Nylon Oil 
 
Figure A 34 : Wear Track for Nylon Oil - Test 1 
COF Avg: COF Avg:
Test 1 0.128 Test 5 0.105
Test 2 0.105 Test 6 0.124
Test 3 0.103 Test 7 0.144
Test 4 0.121
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Figure A 35 : Wear Track for Nylon Oil - Test 2 
 
Figure A 36 : Wear Track for Nylon Oil - Test 3 
 
Figure A 37 : Wear Track for Nylon Oil - Test 4 
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Figure A 38 : Wear Track for Nylon Oil - Test 5 
 
Figure A 39 : Wear Track for Nylon Oil - Test 6 
 
Figure A 40 : Wear Track for Nylon Oil - Test 7 
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Nylon Hard 
 
Figure A 41 : Coefficient of friction for Nylon Hard 
 
Figure A 42 : Wear Track for Nylon Hard - Test 1 
COF Avg:
Test 1 0.352
Test 2 0.244
Test 3 0.413
Test 4 0.41
Test 5 0.432
Test 6 0.434
Test 7 0.451
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Figure A 43 : Wear Track for Nylon Hard - Test 2 
 
Figure A 44 : Wear Track for Nylon Hard - Test 3 
 
Figure A 45 : Wear Track for Nylon Hard - Test 4 
Appendix A        Tribometer Friction and Wear Results 
 
    104 
 
 
Figure A 46 : Wear Track for Nylon Hard - Test 5 
 
Figure A 47 : Wear Track for Nylon Hard - Test 6 
 
Figure A 48 : Wear Track for Nylon Hard - Test 7 
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Nylon MoS2 
 
Figure A 49 : Coefficient of friction for MoS2 
 
Figure A 50 : Wear Track for Nylon MoS2 - Test 1 
COF Avg:
Test 1 0.418
Test 2 0.388
Test 3 0.442
Test 4 0.364
Test 5 0.429
Test 6 0.431
Test 7 0.457
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Figure A 51 : Wear Track for Nylon MoS2 - Test 2 
 
Figure A 52 : Wear Track for Nylon MoS2 - Test 3 
 
Figure A 53 : Wear Track for Nylon MoS2 - Test 4 
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Figure A 54 : Wear Track for Nylon MoS2 - Test 5 
 
Figure A 55 : Wear Track for Nylon MoS2 - Test 6 
 
Figure A 56 : Wear Track for Nylon MoS2 - Test 7 
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 BTM Friction and Wear Results 
Vesconite Hilube 
Vesconite HiLube Test 1 48hr  
Arm 1 - Vesconite Hilube Strain (μm/m) Force (KN) Stress (MPa) 
Normal 377.46 33.63 43.79 
Tangential 41.05 2.95  
    
Coefficient of Friction  = 0.088   
Wear (mm)  = 0.02   
Table B 1 : Loading, Coefficient of Friction and Wear results - Test 1  
 
Figure B 1 : Strain vs Time for Vesconite Hilube - Test 1 
Vesconite HiLube Test 2 48hr  
Arm 2 - Vesconite Hilube Strain (μm/m) Force (KN) Stress (MPa) 
Normal 376.208 33.226 43.263 
Tangential 37.225 2.666  
    
Coefficient of Friction  = 0.080   
Wear (mm)  = 0.01   
Table B 2 : Loading, Coefficient of Friction and Wear results Vesconite Hilube - Test 2 
 
Figure B 2 : Strain vs Time for Vesconite Hilube - Test 2 
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Vesconite HiLube Test 3 48hr  
Arm 1 - Vesconite HiLube Strain (μm/m) Force (KN) Stress (MPa) 
Normal 371.38 33.06 43.05 
Tangential 52.06 3.79  
    
Coefficient of Friction  = 0.115   
Wear (mm)  = 0.03   
Table B 3 : Loading, Coefficient of Friction and Wear results Vesconite Hilube - Test 3 
 
Figure B 3 : Strain vs Time for Vesconite Hilube - Test 3 
Vesconite HiLube Test 4 48hr  
Arm 2 - Vesconite HiLube Strain (μm/m) Force (KN) Stress (MPa) 
Normal 375.587 33.168 43.187 
Tangential 48.742 3.534  
    
Coefficient of Friction  = 0.107   
Wear (mm)  = 0.02   
Table B 4 : Loading, Coefficient of Friction and Wear results Vesconite Hilube - Test 4 
 
Figure B 4 : Strain vs Time for Vesconite Hilube - Test 4 
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Vesconite HiLube Test 5 190hr  
Arm 1 - Vesconite Hilube Strain (μm/m) Force (KN) Stress (MPa) 
Normal 386.00 34.43 44.83 
Tangential 58.58 4.28  
    
Coefficient of Friction  = 0.124   
Wear (mm)  = 0.06   
Table B 5 : Loading, Coefficient of Friction and Wear results Vesconite Hilube - Test 5 
 
Figure B 5 : Strain vs Time for Vesconite Hilube - Test 5 
Vesconite HiLube Test 6 190hr  
Arm 2 - Vesconite Hilube Strain (μm/m) Force (KN) Stress (MPa) 
Normal 379.939 33.576 43.719 
Tangential 53.477 3.894  
    
Coefficient of Friction  = 0.116   
Wear (mm)  = 0.07   
Table B 6 : Loading, Coefficient of Friction and Wear results Vesconite Hilube - Test 6 
 
Figure B 6 : Strain vs Time for Vesconite Hilube - Test 6 
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Vesconite 
 
Vesconite Test 1 24hr  
Arm 1 - Vesconite Strain (μm/m) Force (KN) Stress (MPa) 
Normal 377.535 33.638 43.799 
Tangential 163.077 12.535  
    
Coefficient of Friction  = 0.373   
Wear (mm)  = 0.11   
Table B 7 : Loading, Coefficient of Friction and Wear results Vesconite - Test 1 
 
Figure B 7 : Strain vs Time for Vesconite - Test 1 
Vesconite Test 2 24hr  
Arm 2 - Vesconite Strain (μm/m) Force (KN) Stress (MPa) 
Normal 364.715 32.150 41.862 
Tangential 142.069 10.854  
    
Coefficient of Friction  = 0.338   
Wear (mm)  = 0.10   
Table B 8 : Loading, Coefficient of Friction and Wear results Vesconite - Test 2 
 
Figure B 8 : Strain vs Time for Vesconite - Test 2 
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Vesconite Test 3 48hr  
Arm 1 - Vesconite Strain (μm/m) Force (KN) Stress (MPa) 
Normal 376.946 33.582 43.727 
Tangential 153.023 11.730  
    
Coefficient of Friction  = 0.349   
Wear (mm)  = 0.14   
Table B 9 : Loading, Coefficient of Friction and Wear results Vesconite - Test 3 
 
Figure B 9 : Strain vs Time for Vesconite - Test 3 
Vesconite Test 4 48hr  
Arm 2 - Vesconite Strain (μm/m) Force (KN) Stress (MPa) 
Normal 372.677 32.895 42.832 
Tangential 146.314 11.193  
    
Coefficient of Friction  = 0.340   
Wear (mm)  = 0.14   
Table B 10 : Loading, Coefficient of Friction and Wear results Vesconite - Test 4 
 
Figure B 10 : Strain vs Time for Vesconite - Test 4 
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Acetal 
 
Acetal Test 1 18.5hr  
Arm 1 - Acetal Strain (μm/m) Force (KN) Stress (MPa) 
Normal 368.922 32.831 42.748 
Tangential 102.590 7.717  
    
Coefficient of Friction  = 0.235   
Wear (mm)  = 0.140   
Table B 11 : Loading, Coefficient of Friction and Wear results Acetal - Test 1 
 
Figure B 11 : Strain vs Time for Acetal - Test 1 
Acetal Test 2 18.5hr  
Arm 2 - Acetal Strain (μm/m) Force (KN) Stress (MPa) 
Normal 370.454 32.687 42.561 
Tangential 108.414 8.177  
    
Coefficient of Friction  = 0.250   
Wear (mm)  = 0.16   
Table B 12 : Loading, Coefficient of Friction and Wear results Acetal - Test 2 
 
Figure B 12 : Strain vs Time for Acetal - Test 2 
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Acetal Test 3 48hr  
Arm 1 - Acetal Strain (μm/m) Force (KN) Stress (MPa) 
Normal 371.370 33.060 43.047 
Tangential 126.461 9.610  
    
Coefficient of Friction  = 0.291   
Wear (mm)  = 0.2   
Table B 13 : Loading, Coefficient of Friction and Wear results Acetal - Test 3 
 
Figure B 13 : Strain vs Time for Acetal - Test 3 
Acetal Test 4 48hr  
Arm 2 - Acetal Strain (μm/m) Force (KN) Stress (MPa) 
Normal 368.482 32.503 42.321 
Tangential 125.218 9.511  
    
Coefficient of Friction  = 0.293   
Wear (mm)  = 0.18   
Table B 14 : Loading, Coefficient of Friction and Wear results Acetal - Test 4 
 
Figure B 14 : Strain vs Time for Acetal - Test 4 
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Ertalyte 
 
Ertalyte Test 1 24hr  
Arm 1 - Ertalyte Strain (μm/m) Force (KN) Stress (MPa) 
Normal 369.690 32.903 42.842 
Tangential 193.496 14.978  
    
Coefficient of Friction  = 0.455   
Wear (mm)  = 0.25   
Table B 15 : Loading, Coefficient of Friction and Wear results Ertalyte - Test 1 
 
Figure B 15 : Strain vs Time for Ertalyte - Test 1 
Ertalyte Test 2 24hr  
Arm 2 - Ertalyte Strain (μm/m) Force (KN) Stress (MPa) 
Normal 372.694 32.897 42.834 
Tangential 104.121 7.838  
    
Coefficient of Friction  = 0.238   
Wear (mm)  = 0.03   
Table B 16 : Loading, Coefficient of Friction and Wear results Ertalyte - Test 2 
 
Figure B 16 : Strain vs Time for Ertalyte - Test 2 
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Ertalyte Test 3 48hr  
Arm 1 - Ertalyte Strain (μm/m) Force (KN) Stress (MPa) 
Normal 358.264 31.835 41.451 
Tangential 201.945 15.658  
    
Coefficient of Friction  = 0.492   
Wear (mm)  = 0.55   
Table B 17 : Loading, Coefficient of Friction and Wear results Ertalyte - Test 3 
 
Figure B 17 : Strain vs Time for Ertalyte - Test 3 
 
Ertalyte Test 4 48hr  
Arm 2 - Ertalyte Strain (μm/m) Force (KN) Stress (MPa) 
Normal 360.073 31.717 41.298 
Tangential 209.311 16.252  
    
Coefficient of Friction  = 0.512   
Wear (mm)  = 0.405   
Table B 18 : Loading, Coefficient of Friction and Wear results Ertalyte - Test 4 
 
Figure B 18 : Strain vs Time for Ertalyte - Test 4 
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Nylon Oil 
 
Nylon Oil Test 1 10hr  
Arm 1 - Nylon Oil Strain (μm/m) Force (KN) Stress (MPa) 
Normal 358.128 31.822 41.435 
Tangential 190.957 14.773  
    
Coefficient of Friction  = 0.464   
Wear (mm)  = 0.45   
Table B 19 : Loading, Coefficient of Friction and Wear results Nylon Oil - Test 1 
 
Figure B 19 : Strain vs Time for Nylon Oil - Test 1 
Nylon Oil Test 2 10hr  
Arm 2 - Nylon Oil Strain (μm/m) Force (KN) Stress (MPa) 
Normal 351.920 30.956 40.308 
Tangential 200.167 15.515  
    
Coefficient of Friction  = 0.501   
Wear (mm)  = 0.43   
Table B 20 : Loading, Coefficient of Friction and Wear results Nylon Oil - Test 2 
 
Figure B 20 : Strain vs Time for Nylon Oil - Test 2 
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Nylon Oil Test 3 17.5hr  
Arm 1 - Nylon Oil Strain (μm/m) Force (KN) Stress (MPa) 
Normal 349.062 30.976 40.334 
Tangential 229.754 17.903  
    
Coefficient of Friction  = 0.578   
Wear (mm)  = 0.47   
Table B 21 : Loading, Coefficient of Friction and Wear results Nylon Oil - Test 3 
 
Figure B 21 : Strain vs Time for Nylon Oil - Test 3 
 
Nylon Oil Test 4 17.5hr  
Arm 2 - Nylon Oil Strain (μm/m) Force (KN) Stress (MPa) 
Normal 345.346 30.345 39.511 
Tangential 229.406 17.875  
    
Coefficient of Friction  = 0.589   
Wear (mm)  = 0.47   
Table B 22 : Loading, Coefficient of Friction and Wear results Nylon Oil - Test 4 
 
Figure B 22 : Strain vs Time for Nylon Oil - Test 4 
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Nylon Hard 
 
Nylon Hard Test 1 12hr  
Arm 1 - Nylon Hard Strain (μm/m) Force (KN) Stress (MPa) 
Normal 364.814 32.446 42.248 
Tangential 226.473 17.638  
    
Coefficient of Friction  = 0.544   
Wear (mm)  = 0.26   
Table B 23 : Loading, Coefficient of Friction and Wear results Nylon Hard - Test 1 
 
Figure B 23 : Strain vs Time for Nylon Hard- Test 1 
Nylon Hard Test 2 12hr  
Arm 2 - Nylon Hard Strain (μm/m) Force (KN) Stress (MPa) 
Normal 356.484 31.382 40.862 
Tangential 199.929 15.496  
    
Coefficient of Friction  = 0.494   
Wear (mm)  = 0.27   
Table B 24 : Loading, Coefficient of Friction and Wear results Nylon Hard - Test 2 
 
Figure B 24 : Strain vs Time for Nylon Hard - Test 2 
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Nylon Hard Test 3 12hr  
Arm 1 - Nylon Hard Strain (μm/m) Force (KN) Stress (MPa) 
Normal 366.141 32.571 42.410 
Tangential 233.607 18.215  
    
Coefficient of Friction  = 0.559   
Wear (mm)  = 0.23   
Table B 25 : Loading, Coefficient of Friction and Wear results Nylon Hard - Test 3 
 
Figure B 25 : Strain vs Time for Nylon Hard- Test 3 
 
Nylon Hard Test 4 12hr  
Arm 2 - Nylon Hard Strain (μm/m) Force (KN) Stress (MPa) 
Normal 360.850 31.789 41.392 
Tangential 204.407 15.857  
    
Coefficient of Friction  = 0.499   
Wear (mm)  = 0.24   
Table B 26 : Loading, Coefficient of Friction and Wear results Nylon Hard - Test 4 
 
Figure B 26 : Strain vs Time for Nylon Hard- Test 4 
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Nylon MoS2 
 
Nylon MoS2 Test 1 3hr  
Arm 1 - Nylon MoS2 Strain (μm/m) Force (KN) Stress (MPa) 
Normal 358.394 31.847 41.467 
Tangential 199.206 15.437  
    
Coefficient of Friction  = 0.485   
Wear (mm)  = 0.305   
Table B 27 : Loading, Coefficient of Friction and Wear results Nylon MoS2 - Test 1 
 
Figure B 27 : Strain vs Time for Nylon MoS2- Test 1 
Nylon MoS2 Test 2 3hr  
Arm 2 - Nylon MoS2 Strain (μm/m) Force (KN) Stress (MPa) 
Normal 359.013 31.618 41.169 
Tangential 192.157 14.870  
    
Coefficient of Friction  = 0.470   
Wear (mm)  = 0.32   
Table B 28 : Loading, Coefficient of Friction and Wear results Nylon MoS2 - Test 2 
 
Figure B 28 : Strain vs Time for Nylon MoS2- Test 2 
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Nylon MoS2 Test 3 4hr  
Arm 1 - Nylon MoS2 Strain (μm/m) Force (KN) Stress (MPa) 
Normal 352.143 31.264 40.708 
Tangential 211.055 16.393  
    
Coefficient of Friction  = 0.524   
Wear (mm)  = 0.34   
Table B 29 : Loading, Coefficient of Friction and Wear results Nylon MoS2 - Test 3 
 
Figure B 29 : Strain vs Time for Nylon MoS2- Test 3 
Nylon MoS2 Test 4 4hr  
Arm 2 - Nylon MoS2 Strain (μm/m) Force (KN) Stress (MPa) 
Normal 350.052 30.782 40.081 
Tangential 207.871 16.136  
    
Coefficient of Friction  = 0.524   
Wear (mm)  = 0.41   
Table B 30 : Loading, Coefficient of Friction and Wear results Nylon MoS2 - Test 4 
 
Figure B 30 : Strain vs Time for Nylon MoS2- Test 4 
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 Modifications to Bearing Testing Machine 
Axial Arms 
During initial calibration and testing the old Axial Arms plastically deformed due to 
high stress concentrations.  New Axial Arms were designed and manufactured.  
Seen in Figure C 1 are the old and new Axial Arms.  The Axial Arms were water jet 
cut to prevent weakening by creating a heat affected zone or inducing mechanical 
stress.  
 
Figure C 1 :  Old and New Axial Arm 
The bush holders in Figure C 2 provided a means of easily removing the bushes 
from the Axial Arm so that new bushes could be pressed into place for testing. 
 
Figure C 2 : Bush Holders 
Old Arm New Arm 
Deformation 
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When testing Nylon MoS2 during the calibration tests the bushes walked their way 
out of the bush holder, as seen in Figure C 3.  Thin metal retaining plates were 
designed, manufactured and bolted on the outside of each bush to prevent this.  
Thin ridges were also placed on the inner-race of the Bush Holder. This was done 
to prevent slipping of the outer race of the polymer bush. 
 
Figure C 3 : Movement of the Polymer bush when in Bearing Holder 
Failure of Crank Arm 
The Crank Arm which coverts the rotational motion from the motor to an oscillation 
motion at the polymer bush had a few problems when the full loading was placed 
applied.  Excessive wear to the brass bush at the crank mechanism occurred which 
caused play to be present during rotation.  This resulted in poor reading.       
 
Figure C 4 : Polymer Bushes at the Position of the Crank mechanism 
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This wearing of the bush was due to the high loading as well as 
misalignment between the oscillating shaft arm and cam. 
 
Figure C 5 show the different components that were strengthened in 
order to extend the life of the crank mechanism. (1) Shows the longer 
brass bush holder, so that a longer bush could be inserted, this longer 
bush would reduce the stress. (2) Indicates the position of the oscillating 
arm hole. This hole in the brass bush was made bigger so that a 
reduction in stress would be induced. (3) Extra support was welded to 
the length of the Cam Arm. This was done to reduce the twist in the arm 
during the tests.  
 
Figure C 5 : Strengthening of the Crank Arm 
All the above mentioned means of strengthening the Crank Arm failed.  Therefore a 
redesign of the system was done.  Figure C 6 shows the final Cam Arm.  Instead of 
using 12 mm steel plate a 25 mm round bar was used. A 50 mm self-aligning roller 
bearing was used at the position of the cam.  This bearing would be able to take up 
the misalignment resulting in no wear.  A rod end was used at the position of the 
oscillating arm (2) in order to also take up misalignment. 
 
Figure C 6 : Current Cam Arm 
(1) (2) 
(3) 
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Failure of the Oscillating Shaft 
During the initial testing a Tran-torque locking element was used on the oscillating 
shaft in order to lock a stainless steel tube intended for the application of the counter-
surface to the oscillating shaft.  This element when tightened to 170 N.m in order to 
lock the stainless steel shaft in position.  Figure C 7 shows the Tran-torque locking 
element and stainless steel tube.   
 
Figure C 7 : Tran-Torque Locking Element 
Figure C 8 shows the deformation of the first bright mild steel (BMS) shaft designed 
for the BTM.  It failed due to overloading caused by weakening due to fatigue. 
 
Figure C 8 : Failure of 1st Shaft 
The shaft was then remade using EN 19. This material has a higher yield strength 
of 650 MPa instead of the 250 MPa of BMS. Figure C 9 shows the 2nd shaft made 
for the oscillating arm.  This design also failed due to the loading even with the 
addition of a fillet to reduce the stress concentration at the change in diameter. In 
order for the shaft to handle the loading a shaft with an outside diameter of that of 
Tran-Torque 
Locking Element 
Stainless 
Steel Tube 
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the steel sleeve was made. This removed the necessity of the Tran-Torque element 
as seen in Figure C 7.  With increasing the diameter of the shaft to 48 mm no further 
failures occurred.    
 
Figure C 9 : Failure of 2nd Shaft 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Beach-Marks 
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 Comparing COF and Wear Rate  using ANOVA 
Vesconite Hilube 
 
SUMMARY OUTPUT FOR VESCONITE HILUBE      
       
Regression Statistics      
Multiple R 0.0252      
R Square 0.0006      
Adjusted R Square -0.1992      
Standard Error 0.0036      
Observations 7      
       
       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept 0.064 0.009 7.022 0.001 0.041 0.088 
Wear Rate -0.0003 0.004 -0.056 0.957 -0.012 0.011 
H0:β1=0  
There is no convincing evidence of a relation between Coefficient of Friction and 
Wear Rate. (Linear regression, p =0.957) 
 
 
 
 
 
 
 
 
 
 
 
 
Max Ave COF Wear Rate (mm³/Nm) (x10-6)
0.065 1.555
0.061 1.644
0.064 1.924
0.065 2.003
0.064 2.271
0.068 2.340
0.058 2.355
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Vesconite 
 
SUMMARY OUTPUT FOR VESCONITE      
       
Regression Statistics      
Multiple R 0.264      
R Square 0.070      
Adjusted R Square -0.163      
Standard Error 0.009      
Observations 6      
       
       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept 0.040 0.045 0.883 0.427 -0.085 0.164 
Wear Rate 0.009 0.016 0.548 0.613 -0.035 0.053 
H0:β1=0 
There is no convincing evidence of a relation between Coefficient of Friction and 
Wear Rate. (Linear regression, p =0.613) 
Acetal 
 
SUMMARY OUTPUT FOR ACETAL      
       
Regression Statistics      
Multiple R 0.001      
R Square 0.0000005      
Adjusted R Square -0.200      
Standard Error 0.009      
Observations 7      
       
       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept 0.224 0.010 21.514 0.000 0.197 0.251 
Wear Rate 0.000003 0.002 0.002 0.999 -0.004 0.004 
H0:β1=0 
There is no convincing evidence of a relation between Coefficient of Friction and 
Wear Rate. (Linear regression, p =0.999) (95%Cl) 
Max Ave COF Wear Rate (mm³/Nm) (x10-6)
0.055 2.514
0.077 2.630
0.062 2.783
0.055 2.790
0.065 2.952
0.069 3.231
Max Ave COF Wear Rate (mm³/Nm) (x10-6)
0.228 4.252
0.236 4.351
0.223 4.882
0.218 5.066
0.220 5.344
0.213 6.138
0.229 10.044
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Ertalyte 
 
SUMMARY OUTPUT FOR ERTALYTE      
       
Regression Statistics      
Multiple R 0.970      
R Square 0.941      
Adjusted R Square 0.930      
Standard Error 0.008      
Observations 7      
       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept 0.074 0.007 10.655 0.00013 0.05643 0.09231 
Wear Rate 0.006 0.001 8.951 0.00029 0.00406 0.00733 
H0:β1=0 
There is convincing evidence of a relation between Coefficient of Friction and Wear 
Rate. (Linear regression, p =0.00029) (95%Cl) 
Nylon Oil 
 
SUMMARY OUTPUT FOR NYLON OIL      
       
Regression Statistics      
Multiple R 0.543      
R Square 0.295      
Adjusted R Square 0.154      
Standard Error 1.590      
Observations 7      
       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept 0.776 5.057 0.153 0.884 -12.224 13.775 
Max Ave COF  61.151 42.296 1.446 0.208 -47.574 169.877 
H0:β1=0 
There is no convincing evidence of a relation between Coefficient of Friction and 
Wear Rate. (Linear regression, p =0.208) (95%Cl) 
Max Ave COF Wear Rate (mm³/Nm) (x10-6)
0.081 2.757
0.099 3.127
0.137 10.367
0.129 10.834
0.147 10.871
0.152 13.669
0.169 17.181
Max Ave COF Wear Rate (mm³/Nm) (x10-6)
0.105 5.395
0.121 6.926
0.103 7.843
0.124 7.846
0.128 7.974
0.105 9.470
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Nylon Hard 
 
SUMMARY OUTPUT FOR NYLON HARD      
       
Regression Statistics      
Multiple R 0.664      
R Square 0.441      
Adjusted R Square 0.329      
Standard Error 0.059      
Observations 7      
       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept 0.050 0.173 0.291 0.783 -0.3941 0.4947 
Wear Rate 0.001 0.001 1.986 0.104 -0.0004 0.0027 
H0:β1=0 
There is no convincing evidence of a relation between Coefficient of Friction and 
Wear Rate. (Linear regression, p =0.104) (95%Cl) 
Nylon MoS2 
 
SUMMARY OUTPUT FOR NYLON MoS2      
       
Regression Statistics      
Multiple R 0.3060      
R Square 0.0936      
Adjusted R Square -0.0876      
Standard Error 0.0333      
Observations 7      
       
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% 
Intercept 0.279 0.194 1.437 0.210 -0.220 0.778 
Wear Rate 0.000 0.001 0.719 0.505 -0.001 0.002 
H0:β1=0 
There is no convincing evidence of a relation between Coefficient of Friction and 
Wear Rate. (Linear regression, p =0.505) (95%Cl) 
Max Ave COF Wear Rate (mm³/Nm) (x10-6)
0.244 237.274
0.413 258.246
0.410 261.930
0.352 277.850
0.434 280.350
0.451 334.440
0.432 344.631
Max Ave COF Wear Rate (mm³/Nm) (x10-6)
0.364 264.673
0.431 267.331
0.442 295.425
0.457 302.649
0.429 306.373
0.388 311.412
0.418 315.646
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 Sample Calculations for Bearing Testing Machine 
Results were recorded every 30 minutes for a duration of 1 minute at 5 Hertz using 
the eDAQ Lite’s burst function.  This recording procedure was done because the 
tests were carried out over a long time so it was required to limit the recorded data 
to a significant amount while retaining enough information to analyse the data 
sensibly.  If the data was constantly at the set frequency too much data would be 
collected. 
 
Calculation methodology: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Converting Strain to Stress for Normal and Tangential Force:  
From the calibration results a linear relationship between Strain and Stress was 
found for both Axial Arms  
For Arm 2: 
𝑆𝑡𝑟𝑒𝑠𝑠 𝐴𝑟𝑚 2 =  4.71 × 10−16 × (𝑆𝑡𝑟𝑎𝑖𝑛)6  −  1.05 × 10−12 × (𝑆𝑡𝑟𝑎𝑖𝑛)5  +  9.10 × 10−10 × (𝑆𝑡𝑟𝑎𝑖𝑛)4  
−  3.94 × 107 × (𝑆𝑡𝑟𝑎𝑖𝑛)3  +  9.90 × 10−5 × (𝑆𝑡𝑟𝑎𝑖𝑛)2 +  0.066 × (𝑆𝑡𝑟𝑎𝑖𝑛) +  0.019 
For Arm 1: 
𝑆𝑡𝑟𝑒𝑠𝑠 𝐴𝑟𝑚 1 =  7.15 × 10−16 × (𝑆𝑡𝑟𝑎𝑖𝑛)6  −  1.47 × 10−12 × (𝑆𝑡𝑟𝑎𝑖𝑛)5  +  1.16 × 109 × (𝑆𝑡𝑟𝑎𝑖𝑛)4  
−  4.47 × 10−7 × (𝑆𝑡𝑟𝑎𝑖𝑛)3  +  9.53 × 105 × (𝑆𝑡𝑟𝑎𝑖𝑛)2 +  0.069 × (𝑆𝑡𝑟𝑎𝑖𝑛)  −  0
 
Strain Data acquired 
from eDAQ  
Synchronous infinite 
impulse response filter 
(IIR) 
 
Peak and Troughs 
for Strain  
Average achieved 
for each Burst 
 
Max & Min Strain 
Averages  
Average (Max + Min)/2 
 
𝑁𝑜𝑟𝑚𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛
𝑇𝑎𝑛𝑔𝑒𝑛𝑡𝑖𝑎𝑙 𝑆𝑡𝑟𝑎𝑖𝑛
 
From GoPro Time laps 
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 Properties of Materials Tested 
Vesconite Hilube and Vesconite 
 
PV Limits 
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Acetal 
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Ertalyte 
 
 
 
 
 
MPA
75.84235
3447.38
5
110.3161
3171.589
105.1451
2757.904
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Nylon Oil 
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Nylon Hard 
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Nylon MoS2 
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 Glass Transition and Melting Temperatures  
The figures below show the TGA method of thermal analysis done on the Nylon 
materials.  This was done so that glass transition and melting temperatures could 
be establish. 
Nylon Oil  
 
Nylon Hard 
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Nylon MoS2 
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Abstract 
This study was intended to establishing which polymer bush materials will be best 
suited for the scenarios where high loading and small oscillation is present.  A 
Tribometer as well as a designed and developed Bearing Testing Machine will be 
used to determine the wear rates and coefficient of frictions for seven polymer 
materials.  The running-in period gave a very good indication of the material’s ability 
to resist wear caused by friction under high load.  A short duration and steep friction 
gradient indicated overload and collapse of the material.  However if the running-in 
period is long and the friction gradient is less steep this indicated better resistance 
to wear under high loading and meant that the wear of the material was uniform and 
predictable.  A performance ranking chart for scoring the materials’ performance in 
coefficient of friction and wear will be established for the Tribometer and BTM 
results. 
 
Keywords 
 Friction and wear 
 Surface topography  
 Steel 
 Polymers 
1. Introduction  
Polymers are steadily being used in engineering for more applications as advances 
in technology are being made in the fields of tribology and polymer composites.  
With these advances a conventional steel bearing could in some cases be replaced 
with a polymer bush [1]. Composite materials are one of the most rapidly growing 
classes of materials in the field of tribological applications[2]. However, when 
applying a polymer to high loading and low rotational movement, very little literature 
is present. 
 
In this study, a variety of polymers will be investigated with respect to coefficient of 
friction and wear rate characteristics.  Other properties were also taken into account, 
namely compressive strength, machinability and availability.  The materials used for 
testing are Vesconite HiLube, Vesconite, Acetal, Ertalyte, Nylon Oil, Nylon Hard and 
Nylon MoS2 
Appendix H     Draft Journal Paper 
 
142 
 
 
Vesconite and Vesconite Hilube are designed to run without grease, they both have 
a very low coefficient of friction and respectable wear rates [3]. 
 
Acetal is a highly crystalline resin which has high dimensional stability (creep 
resistance).  This allows it to be used in place of metals in specific applications for 
gears and other machine parts such as bushes [4, 5]. The wear performance of Acetal 
is entirely dependent on surface temperatures at high loading [6].   
 
Ertalyte is a thermoplastic polymer which is produced by the additional 
polymerization of the monomers ethylene glycol and purified terephthalate acid [7].  
Ertalyte is known to have dimensional stability, excellent wear resistance, low 
coefficient of friction, high strength, rigidity, good abrasion resistance and low 
absorption to moisture. It’s also suitable for sustaining high loads and enduring wear 
[8, 9]. 
 
Nylon Oil is lubricated with intermolecular oil, giving it self-lubricating properties.  
Caprolactam is an organic compound which is used in the precursor of Nylon 6 
which gives it its yellow colour and provides lubrication.  By adding this substance 
to oil the coefficient of friction can be reduced by 50 % and the wear resistance can 
be improved by up to 10 times that of unlubricated Nylon [10]. 
 
Nylon Hard is a highly crystalline type 6 material which has strong intermolecular 
bonding giving it outstanding physical properties.  This material has been used for 
rollers, sliding bearings, wear pads and other mechanical high loading purposes. 
 
Pogosian [11] established  that all self-lubricated polymer materials are capable of 
forming a variety of self-lubricating friction transfer film on the friction surface. He 
went on by saying that there are a number of factors which can influence the 
lubrication mechanism present in a material arrangement.  Briscoe [12] found that the 
removal of debris will reduce the fretting and reciprocating wear in certain polymeric 
materials. The wear rate can be reduced due to the debris acting as a ‘lubricant’.  
The best way to determine the service life of a polymer bush is to test it in its 
intended application.  Coefficients of friction and wear rates are commonly obtained 
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from small-scale pin-on-disc [13].Holmberg[14] stressed the need of scaling-up 
knowledge that combines different tribology-related methods to improve reliability 
engineering, component lifetime, condition monitoring and diagnostics.  Changing 
the contact conditions can result in exceeding the endurance life when an increase 
in the friction force exceeds the values in the design specification, the critical friction 
level, and a risk for safe operation occurs. 
2. Experiments 
 Test Materials  
The different materials that will be used for testing have been chosen for their wear 
rate, coefficient of friction and cost.  Table 1 shows the different materials used in 
no particular order as well as their trade names and the supplier of the product. 
 
 
 Tribometer 
A Tribometer is a highly accurate and repeatable wear and friction testing device 
which complies with ASTM standards. This device can be used for a variety of 
different frictional and wear tests on different materials.  In order to simulate high 
loading and small oscillation a linear bed was used. 
 
These test are not in full compliance with the provisions of ASTM G133 Procedure 
A, because the normal force during the test was 40.0 N, instead of the 25.0 N as 
prescribed by the standard.  A frequency of 1.83 Hertz (Hz) was used during the 
test, instead of 5.0 Hz.  A test duration of 2 hours (sliding distance of 79.2m) was 
used during the test instead of 16 Min 40s (sliding distance of 100m).  All other 
Material Trade Name Supplier of Product 
Vesconite Hi Lubrication Vesconite HiLube Vesco Plastics  
Vesconite Vesconite Vesco Plastics  
Sustarin C (POM) Acetal Nylacast  
Polyethylene terephthalate (PET) Ertalyte Röchling  
Cast Nylon 6 + Oil (Polyamide) Nylon Oil Dura Polymers 
Cast Nylon 6 + Impact modifier (Polyamide) Nylon Hard Dura Polymers 
Cast Nylon 6 + MoS2 (Polyamide) Nylon MoS2 Dura Polymers 
Table 1 : Materials used for testing 
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provisions of ASTM G133 have been followed.  In order for accurate results, 7 tests 
for each polymer material was completed using the specified loading, frequency and 
duration. 
 
 
Fig 1 : Tribometer Test Setup 
 Bearing Testing Machine 
The Bearing Testing Machine (BTM) was designed to be able to apply high loading 
on the polymer bush while allowing oscillation to take place. The loading on the bush 
was applied trough two individual lever arms (1), each working independently of one 
another.  A perpendicular load of 30 KN was applied to each Axial Arm by the 
fastening of two nuts which compressed springs (2) at the rear of the BMT, this lever 
effect resulted in a 7 times greater force at the position of the Axial Arms (3).  
 
A four degree oscillation was placed on the bushes (4) from a cam positioned at the 
end of a crank arm (5). The motor (6) speed of 1460 RPM went through a 48.1:1 
reduction gear box (7) giving the final cam speed of ±33 RPM. Two uniaxial strain 
gauges were placed on each axial so that strain data could be acquired throughout 
the testing duration. 
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The testing procedure was carried out twice for each material.  Because the machine 
always tests two sample simultaneously, 4 sample of each material were tested.  
Each test lasted for either for 24 or 48 hours depending on the degree of wear and 
frictional force present during the testing.  If these values became too high the test 
was stopped immediately regardless of the current duration to avoid damage to the 
BTM.  The relevant data was recorded for all of the tests.  This was done regardless 
of the elapsed time period for the experiment.  
 
Tribometer Results  
 
All the polymer materials tested showed a similar trend in coefficient of friction with 
respect to time, showing an initial running-in period, a transition zone and a steady 
state period. Fig 3 shows the coefficients of friction results gathered for all materials 
on a combined graph as well as the transition from the running-in period to transition 
zone.   Vesconite Hilube as well as Vesconite had no clear transition zone during 
the duration of the test contributing to their superior coefficient of friction and wear 
rates.   As the wearing process is complicated no convincing evidence showing a 
relationship between the coefficient of friction and wear rate was found for most of 
the materials.  It was also found that a lower coefficient of friction does not 
Fig 2: Bearing Testing Machine : (1) Lever Arms; (2) Compression Springs; (3) Axial Arm;          
(4) Polymer Bush; (5) Crank Arm; (6) Motor; (7) Reduction Gear-box;                                          
(8) Position of uni-axial strain gauges. 
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necessarily determine a low wear rate.  Ertalyte was the only material where a 
relationship between coefficient of friction and wear rate was found, using ANOVA 
regression (Linear regression, p=0.00029) (95% Cl). 
 
 
Fig 3 : Tribometer Results for Coefficient of friction 
Table 2 shows the average coefficient of friction and wear rate values achieved with 
the Tribometer during the testing of a specimen at 7 different random locations. 
Polymer Average Coefficient of Friction Average Wear Rate, mm³/Nm (x10-6) 
Vesconite Hilube 0.064 2.01 
Vesconite  0.063 2.76 
Acetal 0.119 8.04 
Ertalyte 0.130 9.83 
Nylon Oil  0.224 5.73 
Nylon Hard  0.391 284.96 
Nylon MoS2 0.418 294.79 
Table 2 : Coefficient of Friction and Wear Rate for Tribometer Testing 
Bearing Testing Machine Results  
As with the Tribometer test results, most materials’ coefficient of friction with respect 
to time indicated a running-in period, a transition zone and a steady state period.  
The length of the running in period could indicate the resistance a material has to 
wear, when being subjected to high loading and small oscillation.  It was observed 
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that the longer the running in period resulted in a smaller degree of wearing for most 
of the materials tested, see Fig 4.  The exemption to this was Acetal.  It’s running in 
period was steady and for a longer time period when compared to that of Vesconite 
even though it had greater wear present at the end of the test.  Acetal and Vesconite 
showed similar performance in coefficient of friction, but Acetal performed better 
than Vesconite, showing a much more uniform trend. Vesconite however performed 
better in wear due to its superior mechanical properties. 
 
 
Fig 4 : Bearing Testing Machine Results for Coefficient of Friction 
Discussion 
When comparing Tribometer to BTM results a higher coefficient of friction were 
present during the BTM testing for the same material as seen in Fig 5: Coefficient 
of Friction Results for Tribometer and BTM.  This shows that a greater normal force 
negatively influences the coefficient of friction.  This was also proven when a lighter 
weight was used during Tribometer testing. 
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Fig 5: Coefficient of Friction Results for Tribometer and BTM 
Fig 6 shows the top 5 best performing polymers in coefficient of friction and wear. 
Nylon Hard and Nylon MoS2 have been left out due to their high values. 
 
Fig 6 : Coefficient of Friction vs Wear for Tribometer and BTM 
With the acquired knowledge in coefficient of friction and wear rate a decision can 
be made of which polymer will be best suited for the application where high loading 
and small oscillation is present.  A coefficient of friction and wear performance 
ranking chart for Tribometer and BTM can be seen in Table 3. 
 
 
 
 
BTM 
Tribometer 
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 Tribometer Testing Bearing Testing Machine 
Material: Coefficient of 
friction   
Wear Rate  Coefficient of 
friction  
Wear  
Vesconite Hilube −−− −−− −−− −−− 
Vesconite  −−− −− + −− 
Acetal ++ − −− − 
Ertalyte −/+ −−/+ −/++ ++ 
Nylon Oil −− + +++ + 
Nylon Hard ++ +++ ++ +++ 
Nylon MoS2 +++ +++ +++ +++ 
Table 3 : Wear and Performance Ranking Chart for all Materials a (−−−) lowest friction/lowest wear; 
(−−) lower friction/lower wear; (−) low friction/low wear; (−/+) special behaviour (two different levels); 
(+) high friction/wear; (++) higher friction/ wear; (+++) highest friction/wear.               
 
Conclusions 
 Vesconite Hilube performed the best overall during the Tribometer testing 
with an average coefficient of friction of 0.064 and a wear rate of 2,013 x10-6 
mm³/Nm.  The closest competing material was Vesconite with a coefficient of 
0.063 which is less, but its wear rate was higher at 2.755 x10-6 mm³/Nm. 
 For Vesconite Hilube the normal loading during the two testing methods 
hardly affected the coefficient of friction behaviour (μ = 0.063-0.097) no 
transition period was reached as steady state continued throughout the 
duration of the tests for both testing platforms. 
 The running-in period gave a very good indication of the material’s ability to 
resist wear caused by friction under high load.  A short duration and steep 
friction gradient indicated overload and collapse of the material.  These 
materials are less resistant to frictional wear.  If the running-in period was 
long and the friction gradient was less steep it indicated a better resistance 
to wear under high loading.  This meant that the wear of the material was 
uniform and predictable. 
 Even though these material properties were looked at a direct correlation 
between then, wear rate and coefficient of friction could not be found.  
However the PV limit could be the best mechanical property to look at when 
deciding which polymer to use for high load small oscillating application. 
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